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IMPROVING NUTRITIONAL PROPERTIES AND EXTRACTABILITY OF PEA 
PROTEINS FOR HUMAN CONSUMPTION VIA FUNGAL BIOPROCESSING 
CAMILLE MASSMANN 
2021 
Yellow peas are a rich source of protein and phytochemicals. Peas are compatible 
with many diets restricted by sensitivities, allergies, or personal choice. As a result, peas 
are gaining popularity in food markets, despite the challenges they present. The biggest 
challenges for pea proteins in food markets are high content of fiber, starch, and saponins. 
These components cause processing challenges and create undesirable textures and bitter 
flavors. Pea proteins are typically extracted with alkaline extraction or air classification 
methods which result in 80% and 50% protein products respectively. With low protein 
purity, these products are not competitive with other, more established, plant-based 
proteins like soy.  
The objectives of this study are to (1) Determine the effect of fungal fermentation 
on the protein, saponin, phenolic, and dietary fiber content of dry processed proteins (DPP), 
(2) Describe the effects fungal fermentation has on the saponin, protein, starch, and 
phenolic composition of dehulled peas (DHP), (3) Understand how fermentation, drying 
method, and antimicrobial techniques affect alkaline extraction and isoelectric 
precipitation from DPP and DHP. 
In DPP and DHP, fermentation has potential to improve composition. Fermentation 
increased protein, total saponins, and total phenolic content for both substrates. During 
fermentation, total dietary fiber decreased in DPP, and starch content decreased in DHP. 
xvi 
 
With high fiber- and starch- contamination in DPP and DHP respectively, these results 
indicate that fermentation may reduce these unwanted components. In addition, increased 
phenolic- and saponin content may provide increased antioxidant activity and health 
benefits. 
Extraction of both DPP and DHP indicate that chemical antimicrobials are superior 
to autoclaving in terms of protein yield, extraction yield and protein content of isolates. 
Drying method does not significantly impact protein extraction. Fermentation increased 
solubility but resulted in unrecoverable protein during isoelectric precipitation. Methods 
such as ultrafiltration may be a superior method for protein recovery. 
These results demonstrate that fungal fermentation has potential to broaden the 
application of pea proteins in food markets. Fungal fermentation improves composition of 
DPP and DHP in regard to protein and starch as well as non-nutritive components like 
saponins, phenolics and fiber. Fermentation also may produce a more soluble protein 
isolate.   
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CHAPTER 1. LITERATURE REVIEW 
 Peas as a High-Quality Source of Protein for Human Consumption 
Global populations are on the rise. Recent estimates indicate that world population 
could reach 10 billion by 2060 (Figure 1.1). As the global population continues to grow, 
there is an ever-increasing need to sustainably feed the growing population. This need is 
propelled by health-conscious consumers who want alternatives to animal-based proteins. 
Consumers desire these alternatives for a variety of reasons such as food allergies, 
ingredient sensitivities, vegetarian/vegan diets, along with many others (Jiang, Obiro, Li, 
Zhang, & Mu, 2010). For these reasons, alternative plant-based proteins like soy and pea 
are gaining prevalence in food markets. 
 
Figure 1.1: Projected world populations as estimated by the United Nations. Estimation 
based on total fertility and life expectancy of newborns using Bayesian Hierarchical 
Modeling (UN, 2019). 
Over the last few years, soybeans have risen as a source of alternative proteins. 
However, soy derived proteins are beginning to slow their ascent in the market. This is 
largely contributed to the phytoestrogen and allergen concerns. The high concentrations of 
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phytoestrogens in soy proteins are thought to be responsible for causing hormonal 
imbalances. In certain populations these imbalances can cause undesirable health effects. 
Soy products place in the top 10 most allergenic foods, thus causing concern over their 
safety in health products (Lumina-Intelligence, 2020). These two factors pose major health 
concerns and necessitate the development of alternative protein sources. 
As soy derived proteins are losing favor, proteins derived from peas are beginning 
to replace their soy counterparts in human nutrition markets. In the United States, pea 
proteins make up 80% of plant-based proteins on the market and are projected to have a 
market value of more than $300 billion by 2025 (GrandView, 2019). This rapid gain in 
market share, is due to the many known benefits of yellow peas. They are not associate 
with known allergens, contain all 9 essential amino acids, and include nutritionally relevant 
phytochemicals, vitamins, and minerals (Higdon & Drake, 2007; Ho, Wong, & Chang, 
2014; Oelke, 1991). Cultivation of yellow peas is known to fix nitrogen, and thus can 
improve soil health (Haynes, Martin, & Goh, 1993). However, there are still challenges of 
processing peas for human food use. Because yellow pea flours are relatively new to human 
food, there are many unknowns regarding processing parameters, and their functionality 
post processing. To address these unknowns, it is necessary to explore processing 
techniques and their effect on pea protein functionality to fully understand how peas can 
best fit in to the food industry. 
 Pea Overview 
Pisum sativum L., a flowering leguminous plant in the Fabaceae family, is grown 
around the world. It is the most common type of pea grown today, however close relatives 
include Pisum fulvum and Pisum abyssinicum (Heuzé et al., 2017; Hirst, 2019). Peas grow 
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relatively fast and produce small bushes with roots that can extend up to 3-4 feet into the 
soil (Endres et al., 2016; GRDC, 2018; Heuzé et al., 2017). Germination takes longer at 
cooler temperatures; thus, peas prefer temperatures between 10 and 12.8 °C for 
germination. Peas also favor temperate climates with a maximum daytime temperature of 
25°C; they show significant decreases in yield if exposed to high temperatures while 
flowering (GRDC, 2018).  
P. sativum L., a large class of peas, includes varieties commonly referred to as 
garden peas, field peas, spring peas, winter peas, sugars snap peas as well as many others 
(Pavek, 2012). Because of significant breeding programs and the already established 
genetic diversity, there are many different varieties well suited for a variety of growth 
conditions. Time to seed maturity ranging from 97 to 106 days has been produced by these 
varieties (Heuzé et al., 2017; Oelke, 1991).  
 Historical Uses 
Peas were first seen in their wild form in Mediterranean and Middle Eastern 
countries (also sometimes referred to as the Near East, or fertile crescent) between 10 and 
11 thousand years ago (Elzebroek, 2008; Hirst, 2019). They were cultivated in these 
regions as early as 9300 BC, most likely for their nutritional value (Elzebroek, 2008; Hirst, 
2019). With this history they are considered a founder crop, one of the earliest domesticated 
crops in the world (Hirst, 2019). By 2,000 BC, domestic peas had made their way into 
Europe and India where they continued their spread into the western hemisphere and 
Eastern Asia (Heuzé et al., 2017). However, the most famous historical use of peas is 
Gregor Mendel and his study of modern genetics in the 1860s. 
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 Current Production 
 
Figure 1.2: Top five countries in production, import, and export of dry peas and green peas 
(un-ripened peas, not in reference to color) as of 2018 as reported by the Food and 
agriculture Organization of the United Nations (FAO) (FAOSTAT, 2020). The x-axis is 
given in millions of tonnes for each respective category, and all scales within a column are 
equivalents. Countries that are in the top 5 of more than one category are colored for ease 
of identification. All other countries are in gray. D. Data bars for China and India have 
been truncated to accommodate comparison. Values are listed on the bars in millions of 
tonnes. 
Looking at the global market the FAO measures the production, and trade of two 
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processing in food and feed. Canada, The Russian Federation, and China are the top 3 
producers of dried peas worldwide as of 2018 (Figure 1.2A). The united States ranks 6th 
with 0.72 million tonnes (FAOSTAT, 2020). China is the top importer of dried peas with 
just over 2 million tonnes in 2018, and Canada holds the top spot for exports with almost 
3.25 million tonnes (Figure 1.2B & C). China and India dominated the production of green 
peas in 2018 with over 18 million tonnes between them Figure 1.2D. The import and 
export of green peas are very minimal compared to the total production, with the top 
countries in import and export having less than 100,000 tonnes in 2018 (Figure 1.2E & 
F). This likely indicates that the top producers of green peas are the main consumers. 
 Environmental Benefits 
In addition to their benefits to human health, yellow peas also provide 
environmental benefits (Powers & Thavarajah, 2019). One such benefit is their ability to 
fix nitrogen. Leguminous crops such as yellow peas are known to fix nitrogen at a higher 
rate than cereal grains or oilseeds (Haynes et al., 1993). This nitrogen fixing power is 
attributed to Rhizobium species inducing nodule formation in the plants roots (Elzebroek, 
2008). Furthermore, introducing peas into a rotation improves crop performance of grains 
grown after peas because of the nitrogen added back to the soil (Kumar & Goh, 2000). 
Many growers choose to use peas as a winter cover crop and then till them under in the 
spring to improve the Nitrogen content of the soil (Pavek, 2012). The tilling under of peas 
can also increase the organic matter of the soil thus improving its health in this way as well 
(Pala, Armstrong, & Johansen, 2000).  
Peas also use water in a highly efficient manner. Although their roots can reach as 
deep as 4 feet into the soil, three fourths of the root surface area can be found in the first 2 
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feet of the soil (Endres et al., 2016; Heuzé et al., 2017). Unlike cereal grains, peas and other 
pulses, use mostly surface water, leaving the deeper stores of water untouched (GRDC, 
2018). Thus, introducing peas into a rotation is a sustainable way to decrease black fallow 
and preserve natural water resources. 
Disease cycle disruption is yet another benefit of introducing peas to a crop rotation 
(McPhee, 2007). Many diseases common to peas can be controlled with a few genes. Thus 
the breeding programs have had success in reducing disease occurrence (McPhee, 2007). 
In addition, pulse crops or legumes are susceptible to different pathogens than cereal grains. 
Whether these are fungal, viral, or insect pests, the diseases they cause all lead to reduced 
yield and plant health (Pala et al., 2000). However, introducing peas to crop rotations can 
remove the natural hosts for the pathogens present in the soil and prevent inoculation of 
the next cereal crop (Papendick, Chowdhury, & Johansen, 1988). These benefits to overall 
soil health and sustainability practices make peas a viable choice for the future of protein 
markets. 
 Processing of Raw Peas for Human Consumption 
Peas are recognized as a healthy, and cost efficient source of protein (Dahl, Foster, 
& Tyler, 2012; Ho et al., 2014; Lam, Can Karaca, Tyler, & Nickerson, 2018). They can be 
used in whole, de-hulled, or flour form for a variety of applications (Figure 1.3). Flours 
can be incorporated into consumer products like bread and pasta (Millar, Barry-Ryan, 
Burke, McCarthy, & Gallagher, 2019). Pea flour can also be further processed into protein 
and byproducts that can be used in plant-based products like yogurt, meat analogs (sausage, 
patties etc.) or many other products (Boeck, Sahin, Zannini, & Arendt, 2021; Kaack & 
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Pedersen, 2005). Flours are also fermented in hope of application to consumer food 
products (Saint-Eve, Irlinger, Pénicaud, Souchon, & Marette, 2021). 
 
Figure 1.3: Diagram of possible option for the processing of peas. Adapted from Boye and 
Ma from Processing and Impact on Active Components in Food (J. I. Boye & Ma, 2015) 
Whole and dehulled peas are used directly by consumers or can be further processed 
by commercial growers. Many commercial growers, and home gardens grow peas for the 
un-ripened fruit (with our without the pod) (Elzebroek, 2008; Oelke, 1991). These peas are 
commonly used for canning, freezing, fresh eating and/or cooking (McPhee, 2007). 
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are typically ground, and can be used to supplement the protein content of cereal grains in 
animal feed but may also be used in human food (Elzebroek, 2008; McPhee, 2007).  
 Major Producers of Pea Proteins 
Table 1.1: Summary of protein products currently on the market both locally and globally. 









Pea Protein 80 
Producer Roquette Ingredion Cargill AGT Foods 
Protein Content 83% min 80% min 80% min 80% min 
Ash 5% 4.7% - - 
Moisture - 10% max - 10% max 
Starch - - <1% 3% min 
Fiber - - 2.7% 3% min 
pH - 7-8 7 - 
Water Holding Capacity X X X X 
Emulsifying Capacity X X X X 
Viscosity - - High - 
Gelling Capacity X X - - 
Fat Holding Capacity X - - - 
Creamy Texture - X X - 
High Solubility - X - - 
High Digestibility X - - - 
Clean Taste - - X X 
* Not all information is available for each product and the lack of information is noted by 
‘-‘. Information was taken from technical data sheets and websites from each of the 
respective 
With the growing demand for plant-based proteins, the market for pea proteins is 
increasing rapidly. Top producers across the globe are bringing their own plant-based 
protein products to market, many of which include pea proteins. The top ten producers of 
pea proteins across the globe are Roquette Frères Le Romarin, Ingredion, Kerry Group, 
Now Health Group Inc, Axiom Foods Inc. Burcon NutraScience Corporation, Glanbia plc, 
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Cosucra Groupe Warcoing SA Sotexpro, and Farbest Brands (MeticulousResearch, 2020). 
The Midwest region of the United States is also working to bring better pea proteins to 
consumers as well. Companies like ADM, Cargill, Midwest Grain producers, AGT Foods 
and more have their own pea protein products as well. A sampling of current protein 
products and their composition/characteristics can be seen in Table 1.1. 
1.1.1.5.1. Local 
Cargill is a Midwest based company currently expanding their production into pea 
proteins, a United States company, currently working on a pea protein product, uses a 
variety of methods to address the limitations associated with using peas as a source of 
protein. Before the peas ever make it to harvest, Cargill addresses off-flavors by selecting 
pea varieties that naturally produce less saponins. In addition, Cargill increases solubility 
of the proteins through hydrolysis. The resulting protein product, Puris® is 80% protein 
with applications in baked goods, beverages, Meat/Dairy alternatives, and many more 
(Cargill, 2019a). 
Another example of more local pea products would be companies like AGT Foods 
who deal mostly in pulses and pulse proteins. They have a line of protein products called 
PulsePlus™. They have proteins from various pulses like lentils and faba beans as well as 
peas. All of these proteins have unique functional characteristics and can be selected based 
on one of the myriad applications. 
1.1.1.5.2. Global 
As the top producer of pea proteins globally, Roquette is just bringing a new pea 
processing plant online. This plant is located in Manitoba, Canada and is estimated to 
process 125,000 tons of peas per year once it reaches full capacity in 2022 (Farms, 2021). 
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This plant will produce powdered protein, starch, and fiber from the peas that can then be 
formulated into products such as Roquette’s Nutralys® brand of plant proteins (Roquette 
Pea Protein Manufacturing Plant, Portage La Prairie, Manitoba, Canada, 2020). This 
product has a variety of applications such as incorporation into meat alternatives, 
nutritional protein supplements, ingredients in baked goods, and use in dairy alternatives 
(Roquette, 2021). 
Another example of new pea protein products comes from Ingredion. Ingredion’s 
new product, Vitessence®, claims to have at least 80% protein and be suitable for 
applications in baked goods, meat and dairy alternatives, and as nutritional protein 
supplements. Vitessence® is reported to be low in off-flavors and odors, while being highly 
soluble and having other beneficial characteristics such as emulsification capacity, water 
binding and gelling (Ingredion, 2020a). 
 Nutritional Profile  
Yellow peas, P. sativum L., are a protein rich, pulse grain that do not contain 
common allergens such as gluten, soy, or lactose. Peas also include nutritionally relevant 
phytochemicals, vitamins, and minerals (Dahl et al., 2012; Ho et al., 2014; Lam et al., 
2018). Furthermore, peas are high in lysine and contain all 9 essential amino acids (Roy, 
Boye, & Simpson, 2010; Tome, 2012). Despite being nutrient rich, there are some 
challenges associated with processing peas. Hence, they cannot be easily used in all kinds 
of diets. 
In some monogastric diets, antinutritional factors (ANFs) such as saponins, 
complex sugars, fiber, phytate, and polyphenolic compounds cause off-flavors, or decrease 
the digestibility. However, these same components have been found to be beneficial in 
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human diets. Yellow peas contain a large variety of phenolic compounds known to have 
antioxidant activity (Dahl et al., 2012). Antioxidants have been shown to prevent diseases 
such as heart disease and cancer (Glade, 1999; I. S. Young & J. V. Woodside, 2001). 
Phytates, although in high doses can cause malnutrition due to their metal chelation, in 
smaller doses can have antioxidant or anti-cancer activity (Bohn, Meyer, & Rasmussen, 
2008). In addition, saponins, and fiber found in yellow peas also may play a role in 
mediating glycemic responses, increasing overall heart health, aiding in anticarcinogenic 
activities, and promote overall health (Dahl et al., 2012). These factors make yellow peas 
the ideal candidate for introduction to health protein markets. 
 Bioactivity 
Peas and other related legumes are known for their protein content, but they have 
recently garnered interest over the health benefits they provide through their bioactivity 
(Jiang et al., 2010). This activity may be activated through digestive processes but can also 
initiated through enzymatic hydrolysis or microbial fermentation (Jiang et al., 2010). Peas, 
although much of the current research focuses on chickpeas, have shown promise in 
immune modulation, ACE inhibition, anticancer, antioxidant, antimicrobial, and 
antithrombotic activities (Jiang et al., 2010; Sirtori, Calli, Anderson, & Arnoldi, 2008). 
Antioxidant activity is an important property of peas as this activity has potential to affect 
many diseases and health conditions. Donation of protons by amino acids such as tyrosine, 
phenylalanine and tryptophan, cysteine, and methionine is a large contribute to this activity 
(Arcan & Yemenicioğlu, 2007). However, other amino acids my also act as metal chelators 
or radical scavengers (Arcan & Yemenicioğlu, 2007; Chen, Muramoto, Yamauchi, & 
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Nokihara, 1996). But, the presence of these amino acids is not enough, the activity is also 
dependent of the sequence of the peptides (Arcan & Yemenicioğlu, 2007).  
1.1.2.1.1. Phenolics 
Phenolics are a commonly known bioactive compound. Phenolics are known for 
their myriad of potential benefits such as anti-cancer and heart disease prevention, and 
inflammatory conditions/diseases (Glade, 1999; Kumari & Deka, 2021; I S Young & J V 
Woodside, 2001). In peas their content is reported as 0.25% (J. I. Boye & Ma, 2015; Oboh, 
Ademiluyi, & Akindahunsi, 2009; Wang et al., 1998). Peas are also known to consistently 
contain tannins between 0.01 to 3.7% (J. I. Boye & Ma, 2015; Kumari & Deka, 2021; 
Wang et al., 1998). Tannins have protein precipitating properties, that can reduce 
bioavailability of proteins which is a concern for peas (Gatel & Grosjean, 1990). Pressure 
cooking, and heating processes are known to reduce phenolic content and tannins in peas 
(J. I. Boye & Ma, 2015). 
1.1.2.1.2. Phytic Acid 
Phytic acid is another bioactive component of peas. The phytic acid content of peas 
ranges from 0.2 to 1.3% depending on the cultivar (J. I. Boye & Ma, 2015). Phytic acid 
can be both beneficial and harmful in diets. Phytic acids are well documented antioxidants, 
with potential protective effects against cancer, heart disease, and diabetes (Jenan & 
Thompson, 2001). On the other hand phytates also have the potential to bind minerals, 
starches, and some proteins (Lopez, Leenhardt, Coudray, & Remesy, 2002; Weaver & 
Kannan, 2001). When they bind these components, the resulting aggregate becomes 
insoluble and makes the bound components biologically unavailable (Weaver & Kannan, 
2001; Zhou & Erdman, 1995) . However, processing conditions such as soaking, boiling, 
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cooking and other techniques with water allow the solubilization of phytic acids and thus 
a decreased phytic acid content in the final product (J. I. Boye & Ma, 2015). 
1.1.2.1.3. Lectins 
Although there are bioactive components of peas that are beneficial, there are also 
compounds that are considered antinutritional factors (ANFs). Once type of compounds 
are lectins. These carbohydrate binding proteins are found in almost all plants and are 
defined as proteins that reversibly bind with specific carbohydrates (Lis & Sharon, 1986; 
Roy et al., 2010; Ryan, 1990; Sharon & Lis, 2002) The most commonly discussed effect 
of lectins, is their ability to agglutinate cells. This phenomenon is caused by crosslinking 
of lectins with sugars on cell surfaces that then links two or more cells together (Lis & 
Sharon, 1986). When this occurs in blood cells, hemagglutination, the result is blood 
clotting which can have dangerous side-effects (Sharon & Lis, 1972). In contrast, some 
researchers have shown that lectins have antitumor activity as well (Kumari & Deka, 2021; 
Sharon & Lis, 1972). Lectins may be a case of the dose and type making the poison. 
However, processing conditions like cooking, microwave treatment, and extrusion can 
inactivate lectins thus reducing this danger (J. I. Boye & Ma, 2015; Etzler, 1985). 
 Protein Content 
One of the major concerns with plant-based proteins is the amino acid composition. 
Animal proteins generally contain more accurate proportions of essential amino acids for 
human diets than plant derived proteins (Lumina-Intelligence, 2020). However, plants like 
soy and other legumes are considered complete protein sources, meaning they contain all 
necessary amino acids for a healthy diet in humans (Higdon & Drake, 2007). Unlike cereal 
grains, peas have high levels of essential amino acids, making them a higher quality protein 
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than many cereal grains(Oelke, 1991). Peas and soybeans likely contain sufficient 
quantities of all essential amino acids for balanced human nutrition (Table 1.2). Lentils 
however, may be lacking in sulfur containing amino acids (Grant, Duncan, Alonso, & 
Marzo, 2003). This indicates that peas may be a good candidate for protein supplement 
formulation as an alternative to soy proteins. 
Table 1.2: Table of Amino acid composition for common pulse crops (peas, lentils, and 
soybeans) compared to human nutritional needs.  
All amino acids are labeled with type according to Lehninger Principles of Biochemistry 
(Nelson & Cox, 2013). Data adapted from the Encyclopedia of Food Sciences and 
Nutrition (Second Edition) (Grant et al., 2003). 
* quantity listed for all sulfur containing amino acids. 
** quantity listed for all aromatic amino acids. 
† Essential amino acid 
†† Amino acid essential to only certain populations 
Amino Acid Type Peas Lentils Soybeans Requirements 
(g/100 g 
protein) 
Histidine† Aromatic/ Basic 2.2–2.4 1.3–2.8 2.7 
 
Isoleucine† Aliphatic  3.1–4.1 4.0–4.3 4.9 3.5 
Leucine† Aliphatic  7.2–8.3 7.0–7.2 8.1 6.5 
Lysine† Basic 7.2–8.2 4.3–7.0 6.7 5 
Methionine† Aliphatic  1.0–1.1 0.8–1.1 1.3 2.5* 
Phenylalanine† Aromatic 4.6–5.3 4.9–5.5 5.2 6.5** 
Threonine† Polar No charge 3.6–3.9 2.5–3.6 4.3 2.5 
Tryptophan† Aromatic 0.9–1.1 0.9 1.5 1 
Valine† Aliphatic  4.7–5.5 3.0–5.0 5 3.5 
Arginine†† Basic 8.6–8.9 3.9–7.7 7.8 
 
Cystine†† Polar No charge 1.1–1.5 1.3–1.5 1.6 
 
Glutamine†† Polar No charge 
    
Glycine†† Aliphatic  4.4–4.8 4.1–4.4 4.6 
 
Proline†† Aliphatic  4.1–4.9 2.6–4.2 5.9 
 
Tyrosine†† Aromatic 2.9–3.9 1.1–2.5 3.8 
 
Alanine Aliphatic  4.4–4.9 2.4–4.2 4.7 
 
Asparagine Polar No charge 
    
Aspartic Acid Acidic 4.9–11.8 9.9–11.1 12.6 
 
Glutamic Acid Acidic 12.2–17.1 15.5–16.3 19.4 
 
Serine Polar No charge 4.4–4.9 2.9–4.6 5.8 
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Although plant-based proteins from peas and soybeans may contain all essential 
amino acids, the composition is not perfectly balanced for human diets (Figure 1.4). 
However, the imbalance is small enough that plant-based proteins can still be used to 
supplement most consumers diets or to replace sources of animal-based proteins (Higdon 
& Drake, 2007; Lam et al., 2018; Lumina-Intelligence, 2020). 
 
Figure 1.4: Amino acid composition in commercially available protein powders as 
reported by Lumina Intelligence. A. Plant-based proteins. B. Mixed plant- and animal-
based proteins. C. Animal-based proteins (Lumina-Intelligence, 2020). 
 Saponins 
Saponins are naturally-occurring chemicals produced mainly by plants but are also 
found in some marine animals. These molecules are amphiphilic in nature and have a 
branched ring aglycone structure with variable sugar moieties located at specific 
glycosylation sites (Figure 1.5) (Guclu-Ustundag & Mazza, 2007; Hostettmann & 
Marston, 1995). Most commonly, saponins have 1 or 2 sugar chains, but can also have a 
third glycosylation site as well; the two most common glycosylation sites can be seen in 
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Figure 1.5 (Guclu-Ustundag & Mazza, 2007; Singh, Singh, Singh, & Kaur, 2017). These 
sugar groups along with non-sugar side groups lend to the wide diversity of saponin 
molecules found in plants (Price, Johnson, Fenwick, & Malinow, 1987; Rao & Gurfinkel, 
2000).  
 
Figure 1.5: Two base structures of saponins. Sugar chains attached as R-groups at either 
or both indicated sites (pink and yellow highlight) determine activity, and identity of the 
saponin. A. Pentacyclic triterpenoid saponin with oleanane structure. B. Pentacyclic 
saponin with furostanol structure. Image adapted from: (Lorent, Quetin-Leclercq, & 
Mingeot-Leclercq, 2014). 
The most abundant sources of saponins are leguminous plants such as soybeans, 
peas, peanuts, and various beans (Price et al., 1987). In these plants, saponins are secondary 
metabolites produced by the plant as a defense mechanism against pathogens as well as in 
response to environmental factors (Papadopoulou, Melton, Leggett, Daniels, & Osbourn, 
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1999). Therefore, the saponin profile of each plant is unique and contains a complex 
combination of aglycones and glycosyl groups (Guclu-Ustundag & Mazza, 2007). Because 
of this diversity, saponins have a myriad of potential properties including functional, 
structural, and biological. 
1.1.2.3.1. Heath Effects 
Because of their wide range of properties, saponins have the potential for a host of 
different effects on human health. As a larger class of biomolecules, saponins are easily 
recognized for their foaming properties and were originally employed as detergents (Price 
et al., 1987). Saponins are also known for their toxicity in fish (Lacaille-Dubois, 2000; 
Price et al., 1987). However, subclasses of saponins have many other characteristics, some 
considered beneficial, and some considered harmful. These characteristics may include 
hemolysis, astringency, cholesterol binding, antioxidant activity, apoptosis inducing, 
anticancer effects (especially colon cancer), tumor reductive, antifungal, immune-
stimulatory, anti-hepatotoxic activity, and anti-inflammatory effects (Dong et al., 2019; El-
Keiy, Radwan, & Mohamed, 2019; Higdon & Drake, 2007; Lacaille-Dubois, 2000; 
Marrelli, Conforti, Araniti, & Statti, 2016; Price et al., 1987; Rao & Gurfinkel, 2000). 
However, most of these properties do not describe all types of saponins, rather specific 
subclasses. This indicates that identification of specific saponins present in peas are 
necessary to understand their potential health benefits. 
When ingested, saponins are not degraded or absorbed in the stomach. Instead, they 
persist into the colon in their whole form (Gestetner, Birk, & Tencer, 1968). It is thought 
that this mechanism is the reason saponins are well reported to have activity against colon 
cancer. 
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1.1.2.3.2. Flavor 
One major factor that limits the consumption of pea proteins, are “beany” off-
flavors. This “beany” off-flavor is often attributed to volatile compounds found in pulse 
crops (Kaneko, Kumazawa, & Nishimura, 2011). In addition, a bitter taste is commonly 
attributed to saponins which are thought to be associated with hydrophobic regions of 
proteins during extraction (Price et al., 1987; Roland, Pouvreau, Curran, van de Velde, & 
de Kok, 2017). Some describe their flavors as bitter, astringent, and metallic which are all 
undesirable characteristics of a food product (K. Price, N. Griffiths, C. Curl, & G. Fenwick, 
1985). The bitter flavor associated with saponins increases with their concentration, and 
this flavor can be detected at concentrations as low as 2 mg/L (L. Heng et al., 2006). It is 
also reported that unprocessed peas have a stronger flavor than processed ones (K. Price et 
al., 1985) 
 Starch  
Yellow peas contain about 33-54% starch depending on the cultivar (J. I. Boye & 
Ma, 2015; Igbasan, Guenter, & Slominski, 1997). In terms of digestibility, this starch is 
about 10% rapidly digestible starch (RSD), 25% slowly digestible starch (SDS), and 13% 
resistant starch (RS) (Chung, Liu, Hoover, Warkentin, & Vandenberg, 2008). With a low 
content of RDS and higher quantities of SDS, peas provide a long slow release of energy 
in the form of glucose (Chung et al., 2008; Lehmann & Robin, 2007). This release of energy 
is measured as glycemic index, which is essentially the glucose content of blood after 
eating starchy food (Wolever, 1990). Some foods create a spike in blood glucose after 
eating as the starch is rapidly digested and enters the blood stream. However, with pulses 
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like peas, and legumes, the starch is digested much slower, and the glycemic index remains 
relatively flat postprandial (Araya, Pak, Vera, & Alviña, 2003; Wolever, 1990). 
The least digestible type of starch, RS, is sometimes considered a component of 
fiber depending on the method used to measure fiber (M. Champ, 2004; Martine Champ, 
Langkilde, Brouns, Kettlitz, & Bail-Collet, 2003; Institute of Medicine, 2001). This type 
of starch is resistant to enzymatic digestion even after extended exposure, thus limiting the 
energetic contributions in a diet (Englyst, Wiggins, & Cummings, 1982). Given its 
resistance to digestion, it has many similarities with fiber in terms of energetic contribution. 
In general, there are two molecules that make starch, amylose and amylopectin 
(Guo, Hu, Wang, & Ai, 2017). Amylose is lower in molecular weight, linear in structure, 
and the slower of the two molecules to be digested (Guo et al., 2017; Lockyer & Nugent, 
2017). Amylopectin, on the other hand, is slightly higher in molecular weight, has a 
branched structure and is much more rapidly digested than amylose (Guo et al., 2017; 
Lockyer & Nugent, 2017). Therefore the distribution of these two starch components 
partially determines the amount of RS in grains; as amylose increases so does the RS 
content (Lockyer & Nugent, 2017). In addition to the composition of the starch, processing 
techniques like cooking, milling, and autoclaving can alter the amount of RS (M. Champ, 
2004; Muir & O'Dea, 1992). 
 Dietary Fiber 
Fiber, a main structural component in plants is known to have effects on many 
systems in the body, Figure 1.6.; however, it is not an exhaustive list. Since peas are a 
relatively new area of research, studies on their fiber are limited. The studies that do look 
at the effects of pea fiber, do seem to tell a similar story to that of other sources of fiber. 
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Fiber in peas can range from 5-21% of the total composition (J. I. Boye & Ma, 2015; 
Tulbek, Lam, Wang, Asavajaru, & Lam, 2017). Researchers have shown that pea fiber has 
a stabilizing effect on post-meal blood lipid and cholesterol levels (Higdon & Drake, 2007; 
Sandström, Hansen, & Sørensen, 1994). In addition, pea fiber may alter the gut microbiota, 
which provides better weight control and fewer toxic products from protein fermentation 
(Lambert et al., 2017; Mayengbam et al., 2019). Pea fiber also seems to have a beneficial 
effect on energy. Researchers show that a diet rich in pea fiber may increase satiety which 
in turn decreases energy intake, and also modulates glucose tolerance thus having potential 
benefits in Diabetes (Lambert et al., 2017; Slavin, 2005). 
 
Figure 1.6: Diagram of effects dietary fiber can have in the body (Slavin, 2005). 
 Digestibility 
The most common method used to determine protein digestibility is called the 
protein digestibility amino acid score (PDCAAS). This score is a combination of the 
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limiting essential amino acids, the content of that same amino acid in a standard solution, 
and the digestibility of the standard measured by rat fecal assay (Schaafsma, 2005). The 
other common method for determining protein digestibility is through an in vitro protein 
digestibility (IVPD) assay. This assay uses a series of enzymes to hydrolyze protein rather 
than using rats a means of digestion. Both assays use amino acid requirements as seen in 
Table 1.2, to determine limiting amino acids. However, the requirements for children are 
defined differently as they are growing at different rates and need a different balance of 
amino acids. 
Peas have a general PDCAAS value between 75 and 91%, with roasting yielding 
the lowest score and microwave/traditional cooking yielding the highest. However, when 
looking at the PDCAAS for children, the scores drop to a range of 44-92% for some 
methods (soaking and roasting being the lowest), with sulfur containing amino acids being 
the limiting components. With this information, peas are generally a complete source of 
protein for adults with the right processing (J. I. Boye & Ma, 2015). This is not the case 
for children; thus, they may need to seek alternative protein sources.  
The IVPD scores for peas range from 84 – 92% depending on the processing 
technique applied. The top and bottom of that range are conventional cooking (boiling until 
soft) and raw unprepared whole peas, respectively. Dehulled peas have a score of about 
86% (Ma, Boye, & Hu, 2017). These scores are very comparable to the PDCAAS scores 
except for roasting treatment which yielded a 75% in PDCAAS and an 87% in IVPD (Ma 
et al., 2017; Ribéreau, Aryee, Tanvier, Han, & Boye, 2018). This difference may be due to 
methodology. Overall, both methods indicate that peas are a protein source well suited for 
most adult diets. 
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 Methods for Achieving Protein Concentrates 
Protein extraction is a vast field. There are many types of protein extraction 
techniques and they each have their advantages and disadvantages. Processes can be wet 
or dry and use a variety of extraction agents, such as solvents, pH, salinity, mechanical 
disruption, and numerous others. Because combinations of these agents, time and other 
factors will affect the protein product differently, they must be carefully considered to 
ensure that desired properties are retained by the resulting protein concentrates.  
In addition to varying methods of extraction, each source of protein has different 
composition which also must be evaluated during method selection (Table 1.3). Efficient 
extraction requires an understanding of all fractions and how they may affect extraction of 
the desired fraction.  
Table 1.3: Average chemical composition of various crops often used in protein extraction 
methods obtained from the USA Department of Agriculture (Schutyser & van der Goot, 
2011). 
 
 Wet processing 
Wet fractionation is the most commonly used method of protein extraction in 
industry because of the high yields (80-95%) that can be achieved. Most of the wet 
fractionation processes are aqueous two-phase extractions also referred to as liquid-liquid 
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extractions that involve moving solubilized protein from one phase to another (Hong Yang, 
2013). However, these methods are often criticized for their usage of energy and water 
(Schutyser & van der Goot, 2011).  
 
Figure 1.7: Protein and amino acid composition of P. sativutm. A. Protein composition by 
type of protein with major examples of globular proteins. B. Protein composition by 
solubility for extraction. C. Predominant Amino Acids in various protein fractions (J. Boye, 
Zare, & Pletch, 2010) 
Because the protein profile of P. sativum L. is diverse in both protein type and 
solubility (Figure 1.7A and 3B), protein extraction becomes challenging. In addition, 
given the essential amino acids, proteins containing high levels of such amino acids may 
be more beneficial to extract even though they are less abundant. For example, lysine is an 
essential amino acid found in albumin proteins (Figure 1.7C). However, albumins only 
make up 18% of the total proteins in yellow peas and, unlike other proteins, are water 
soluble. This requires careful consideration to determine whether it is cost effective to 
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goals of protein extraction from yellow peas. Because peas contain mostly globulin 
proteins, alkaline extraction is a good choice for extraction (Grant et al., 2003). 
1.1.3.1.1. Alkaline Extraction and Isoelectric Precipitation 
Alkaline extraction and isoelectric precipitation (AEIP) methods harness solubility 
properties of the proteins in grains. This is a multistep process commonly used for protein 
extraction from grains (Figure 1.8). After legumes or other de-fatted grains are milled into 
flour, the flour is suspended in water. The pH is increased using a hydroxide base to 
solubilize most of the proteins. Subsequently the solution is centrifuged, and the pH is 
reduced to the isoelectric point of most of the proteins in the grain. This causes the protein 
to precipitate so that they can be collected through centrifugation and drying (J. Boye et 
al., 2010; Lam et al., 2018). The resulting protein isolate is composed mostly of globulin 
proteins, legumin, vicilin, and convicilin (Kiosseoglou & Paraskevopoulou, 2011; Shand, 
Ya, Pietrasik, & Wanasundara, 2007). 
 
Figure 1.8: Typical alkaline extraction/isoelectric precipitation process used on pulse 
crops for protein extraction (J. Boye et al., 2010; Lam et al., 2018). 
When optimal conditions are used for AEIP, yields can be between 80 and 94%. 
However due to the drastic changes in pH used in this process, proteins can lose native 
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temperature, time, and protein solubility profile also have a large effect on the classes of 
proteins extracted (J. Boye et al., 2010). Each of these factors may affect how efficiently 
the proteins can be extracted, and the cost of doing so. Therefore, optimization is necessary 
to find the balance between cost effectiveness, and efficient extraction. 
1.1.3.1.2. Alkaline Extraction and Isoelectric Precipitation in Peas 
One of the most common methods for protein extraction in peas is AEIP. Although 
there are concerns of protein functionality, this is the most feasible and economically 
advantageous method on an industrial scale. Ranges of AEIP parameters can be seen in 
Table 1.4. However, the most common combination of extraction parameters is 1:15 SLR, 
1 hr., extraction time, at 23 °C and 8.5 pH. Higher extraction pH levels and longer time 
reported higher protein recovery (Cui et al., 2020; Petersen, Annoh-Quarshie, Van 
Rensburg, & Görgens, 2020). The lower extraction pH of 7.5 required two extractions but 
resulted in functionality that was less altered than those with higher pH extractions 
(Hansen, 2020).  
Table 1.4: Overview of methods used for AEIP in peas. 





Speed 4500-6000 x 
g 
Time 10-30 min. Speed 4500-6000 x 
g 
Time 1-3 hr. Time 20 min.- 4 hr. Temp. 4-23 °C Time 10-20 min. 
Temp. 22-50 °C Temp 4-23 °C pH 4.5 Temp 4-23 °C 
pH 7.5-10       
* Data is a compilation of several reported methods (J. I. Boye et al., 2010; Cui et al., 2020; 
Gao et al., 2020; Hansen, 2020; Lan, Chen, & Rao, 2018; Petersen et al., 2020; Stone, 
Karalash, Tyler, Warkentin, & Nickerson, 2015; Tanger, Engel, & Kulozik, 2020) 
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After centrifugation, some methods require a vacuum filtration step to remove any 
remaining contaminants from the extraction step (Cui et al., 2020; Lan et al., 2018). 
Precipitation steps were very similar across most methods, the biggest change was in the 
time for precipitation, although most methods did not report a specific time. Both 
separation steps, after extraction and precipitation, had similar features with the most 
variation coming from time. However, the most common time for centrifugation was 20 
min. post extraction and 10 min. post precipitation. This method results in about a 80% 
protein product, leaving 20% of the final products as contaminants (J. I. Boye et al., 2010). 
1.1.3.1.3. Salt Extraction 
Salt extraction, or micellization is based on a phenomenon used in food proteins 
called salting-out. The principle of this method is that a solution of salt optimized for the 
desired protein, will stabilize protein in solution and allow for extraction of proteins (J. 
Boye et al., 2010). This method is also a multistep process common for protein extraction 
from grains (Figure 1.9). Proteins are solubilized in a salt-polyethylene glycol (PEG) 
solution for extraction from other components in the flour. After the proteins are extracted, 
the solution is diluted to have a lower ionic strength. The added water acts as a flocculating 
agent, causing the proteins to precipitate out of solution so they can be subsequently 
collected (Parades-Lopez, Ofdorica-falomir, & Olicares-Vazquez, 1991). The resulting 
protein concentrate is comprised of a mixture of albumins and globulins (Kiosseoglou & 
Paraskevopoulou, 2011). Because this method requires the dilution of high salt 
concentrations, large quantities of water are required making this process difficult on an 
industrial scale (Hong Yang, 2013). 
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Figure 1.9: Typical salt extraction process used on pulse crops for protein extraction (J. 
Boye et al., 2010). 
Salt extraction methods rely mainly on the thermodynamics of protein interactions 
with the salt solution. However, electrostatic interactions also play a role in stabilizing the 
solubilized proteins. Because of this, the ionic strength of the salt solution, and specific salt 
chosen are important factors in determining the partitioning coefficient of the system. In 
addition, the concentration of the PEG is an important factor. An intermediate value should 
be used to optimize partition coefficient of the protein (Kp). The pH of the solution impacts 
the surface charge of the target proteins and thus affects partitioning as well as the stability 
of the target proteins. The pH of the salt-PEG solution must be above the isoelectric point 
of the target protein in order for the system to partition properly (Hong Yang, 2013). 
 Dry Fractionation Process 
In order to utilize pea proteins for human food additives they must first be extracted 
from other components of peas. Extractions for this purpose has two main methods, wet 
fractionation, and dry fractionation. The dry process involves impact or stone dehulling, 
followed by high-speed grinding and air classification to separate protein and starch rich 
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50-60% protein and still has a large starch concentration (J. Boye et al., 2010; R. T. Tyler, 
Youngs, & W., 1981).  
Dry processing is far newer to the extraction field than wet processing. Where wet 
processing can result in protein isolates (90% protein or more), dry fractionation can only 
achieve protein concentrate classification (80% protein or less). However, since this 
processing does not use water it is considered a much more sustainable approach to protein 
extraction than wet processing methods (Schutyser & van der Goot, 2011). Because no 
water is used, this method is both reducing the reliance on large quantities of water and 
reducing energy needs. These factors are beneficial for both the environment, and cost 
efficiency. 
Dry fractionation method also does not use harsh processing conditions which 
allows the proteins to retain their natural functionality (Schutyser & van der Goot, 2011). 
This is especially important for human food markets. In such markets, proteins are used 
specifically for their unique properties such as foaming, gelling, antioxidant capacity, 
water-holding, and other such properties. Thus, preserving these properties is highly 
important.  
1.1.3.2.1. Air Classification 
Air classification, the only dry fractionation method currently used, is used on low 
oil crops such as pulses and cereal grains with great success. Crops with higher oil content 
are not as efficiently separated due to the oil preventing dispersion of particles. Air 
classification is considered a mechanical approach to separation of starch and protein 
fractions by particle size and density (Schutyser & van der Goot, 2011). A combination of 
milling and air classification is used to separate flour into starch enriched, and protein 
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enriched fraction. After a first round of separation, starch fractions can be milled, and air 
classified again to extract further protein (Vose, 1978). The final results are two distinct 
particles having unique sizes and densities (J. Boye et al., 2010). 
For pulse crops, the starch granule size is uniformly around 20 micrometers in 
diameter, whereas other crops such as wheat, can range more greatly from 1 to 10 
micrometers in diameter (Owusu‐Ansah & McCurdy, 1991). Air classification separates 
fractions more efficiently if the particle size is uniform. This fact makes yellow peas a great 
candidate for air classification. 
In addition to granule size, other factors such how hard a grain is, affects the 
fractionation efficiency. This hardness, in some cases, can be tied to the fiber content of 
seeds. Because fiber is a main component of cell walls, high fiber seeds tend to have a 
harder seed coat and thus may not fraction as efficiently using air classification. However, 
that factor must be combined with the structure of the tissue within the seed as well to form 
the best picture. Seeds with a fibrous cell wall, but a relatively simple tissue structure may 
separate more efficiently than those with a more complex tissue structure involving close 
association of protein and starch particles (Robert T. Tyler, 1984). 
There are four major variables in calculations for protein separation efficiency 
(PSE) for air classification: yield of protein in the protein enriched fraction (ϕp), Protein 
yield (ϕflour), protein percent in the protein enriched fraction (Pp), and the protein percent 
in the flour (Pflour). The following equation us used to calculate the PSE Using these 
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Protein shift is another factor that is used to determine efficiency of air 
classification. Protein shift is the fraction of protein that has been moved from the flour to 





[(𝑃𝑝 − 𝑃𝑓𝑙𝑜𝑢𝑟) ∗ 𝜙𝑝] 
To fully optimize air classification PSE, yield, and protein shift percentage both 
need to be used as they may be inversely related. For example, as yield of a fractionation 
increases, purity of the protein enriched fraction often decreases, thus PSE must be used to 
find the balance of these two parameters (Schutyser & van der Goot, 2011).  
1.1.3.2.2. Air Classification of Pea Proteins 
Air classification is another common method for protein extraction in peas, 
although there are specific challenges associated with this technique. The largest barrier to 
this technique is the molecular structure of peas (Figure 1.10). With large starch granules, 
surrounded by smaller particles of protein and fiber, disentanglement becomes a problem. 
In the milling step, there is a fine line that will allow proper separation. If particle size is 
too coarse, the protein granules are not detached from the larger starch granules thus 
causing protein contamination in the starch fraction. On the other hand, when particle size 
is too small, starch granules are damaged which create granules with similar characteristics 
to that of the protein thus causing starch to be recovered with the protein fraction (Pelgrom, 
Vissers, Boom, & Schutyser, 2013; Schutyser, Pelgrom, van der Goot, & Boom, 2015). 
Because of this milling problem, protein purity in final protein enriched fraction is between 
50 and 56% (Pelgrom et al., 2013; Wright et al., 1984; Wu & Nichols, 2005). Protein yield 
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can be as high as 80% at lower classification speeds (5,000 RPM), and as low as 20% with 
faster classification speeds (12,000 RPM) (Pelgrom et al., 2013). 
 
Figure 1.10: Graphical depiction of the composition of peas (Schutyser et al., 2015). 
 Evaluation of Commercially Relevant Characteristics 
Proteins are a ubiquitous part of industry today. From beverages to dietary 
supplements, to baked goods, proteins are essential to today’s industrialized economy. 
Products like cream liquors, soft drinks, and shakes rely on functional properties of proteins 
to make the products we know and love (Vilela, Cosme, & Pinto, 2018, 2020). Protein, 
inherent in any flour, plays a crucial role in the structure, taste, and sensory characteristics 
of baked goods (Duodu & Minnaar, 2011). And of course, protein is sold in powder form 
with claims of nutritional benefits (Sánchez-Oliver, Contreras-Calderón, Puya-Braza, & 
Guerra-Hernández, 2018).  
 Structure and Function 
Structure is one of the most important considerations when looking at functional 
proteins. Structural characteristics like molecular weight, degree of hydrolysis, and 
conformation of the protein impact its functionality (Chavan, Chavan, & Kadam, 1988; 
Mota Da Silva, Souza Almeida, & Kawazoe Sato, 2021; Prinyawiwatkul, McWatters, 
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Beuchat, & Phillips, 1997). Fermentation and enzyme treatment have been shown to alter 
protein structure and with it change functional properties, protein size, and in some cases 
allergenicity (Aluko & Monu, 2003; Barkholt et al., 1998) 
Although solubility is an important determinant for the application of proteins, 
plant proteins face challenges of low solubility especially at acidic pH (Mota Da Silva et 
al., 2021; Tömösközi, Lásztity, Haraszi, & Baticz, 2001). When considering solubility, 
both how much protein solubilizes into solution (thermodynamic solubility), and whether 
that protein will stay solubilized with changes to the aqueous environment (kinetic 
solubility) are important as most other functional properties rely on the ability of a protein 
to solubilize in a solution (Garidel, 2013).  
Properties like foaming capacity, require the protein to first solubilize into solution, 
and then make a stable foam. The foaming capacity of pea proteins is only about half that 
of soy protein isolates (Aluko, Mofolasayo, & Watts, 2009; Tömösközi et al., 2001). 
Emulsifying capacity, or the ability of a protein to make fats and water (or other similarly 
polar liquids) miscible. They do this by creating small droplets of fat that are dispersed in 
the aqueous phase (Clayton, 1923). Although protein is an important emulsifier, the pH, 
salt content, temperature, and sugar concentration, will alter the emulsification of a system 
(Hansen, 2020; Tornberg & Hermansson, 1977). Gel formation is another commonly 
discussed property of proteins. Physicochemical and textural properties of heat induced 
pea protein isolate gels. There are many definitions of a gel, but all involve altering the 
texture of a liquid. In most cases, this definition involves an increase in viscosity, or change 
in texture (Ziegler & Foegeding, 1990). Pea proteins do form gels affected by salt 
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concentration, pH, and temperature. The proteins that form these gels incorporate more fat 
than soy proteins in their respective gels (Hansen, 2020; Shand et al., 2007). 
 Bioactivity 
Many common diseases known to afflict humans can be attributed to oxidation. 
These diseases include cancer, heart disease, Alzheimer’s disease, other inflammatory 
diseases, and aging to name a few (Stadtman, 2006; Xiong, 2010; I. S. Young & J. V. 
Woodside, 2001). Cells rely on a balance of reactive oxygen species (ROS) and 
antioxidants to maintain proper function and prevent cellular damage (Xiong, 2010). When 
there are more ROS than the antioxidants can neutralize, ROS species can cause DNA 
damage and contribute to oxidative stress thus leading to cancer causing mutations, or other 
diseases listed previously (Ahmad et al., 2017; Jackson & Loeb, 2001). Antioxidants, 
therefore, are highly important in healthy diets and can be found in many forms coming 
from both exogenous and endogenous sources (Table 1.5). 
Peptidyl antioxidant research was just taking off at the beginning of the century, 
and since then, the field has grown exponentially. Peptides with antioxidants are unique in 
that they are often multifunctional, having more than one biological function (Chakrabarti, 
Guha, & Majumder, 2018). In addition to antioxidant activity, these peptides have been 
known to have antimicrobial, immunomodulatory, antithrombotic, and antihypertensive 
functions important for normal body function (Chakrabarti et al., 2018; Xiong, 2010). 
Endogenous sources of bioactive peptides are commonly utilized by cellular metabolism. 
Exogenous sources of these peptides then come from the foods we ingest. As digestive 
microorganisms, and enzymes in the digestive system break down proteins, regions of the 
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proteins with antioxidant capacity are released from the larger protein complex (Xiong, 
2010). This makes these small peptides available to reduce ROS. 
Table 1.5: Limited list of common antioxidant examples. Examples are found in both 
endogenous sources such as metabolic products and exogenous sources like food (Harvard, 
2019; Xiong, 2010). 
Type Enzymes Minerals Vitamins Amino 
Acids 
Peptides Other  


















 Total Phenolic Content 
The most common method of quantifying bioactive molecules with potential for 
antioxidant activity is through total phenolic content (TPC). This is done with the Folin-
Ciocalteu (F-C) assay. The F-C reagent contains tungsten- and molybdenum- containing 
compounds in acid and water that is then boiled resulting in a yellow solution (Folin & 
Denis, 1912; Huang, Ou, & Prior, 2005). This process is thought to create tungsten-
molybdenum complexes (Huang et al., 2005). This composition is assumed to allow the 
reagent to act as an oxidizing agent when interacting with phenolic compounds. (Folin & 
Denis, 1912; Singleton & Rossi, 1965).  
The F-C reagent is known to react with a myriad of molecules. These molecules 
include phenolics, thiol derivatives, vitamins, amino acids, nucleotides, fatty acids, 
proteins, carbohydrates, organic acids, inorganic salts and other active compounds such as 
caffeine (Everette et al., 2010). The hallmark of the F-C reagent is the color change that 
allows the quantification of phenolic compounds in a solution. In its oxidized form, it is a 
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bright yellow, but upon interaction with phenolic compounds it becomes blue. Although 
the specific chemical mechanism associated with this color change is unknown, it is 
assumed that it is related to the reduction reaction that occurs between the reagent and 
phenolic compounds in solution (Huang et al., 2005; Sánchez-Rangel, Benavides, Heredia, 
Cisneros-Zevallos, & Jacobo-Velázquez, 2013; Singleton & Rossi, 1965). Given the 
chemical reactions that occurs in this assay, it is technically a measure of reducing capacity, 
not necessarily a measure of total phenolics. Since there is no known mechanism that 
allows only phenolics to react this reagent, it may not be a true measure of total phenolics 
(Huang et al., 2005). 
 Antioxidant Activity 
Once the TPC value of a substrate is determined, the next step is to analyze the 
antioxidant activity (AA) of the measured compounds. There are many methods used to 
measure AA, all of which measure specific types of activity. These methods include 
oxygen radial antioxidant capacity (ORAC), 2,2′-azinobis(3-ethylbenzothiazoline-6-
sulfonic acid) (ABTS), total radical-trapping antioxidant parameter (TRAP), 1,1-diphenyl-
2-picrylhydrazyl (DPPH), and ferric reducing ability of plasma (FRAP). Together these 
AA assays give a clearer picture of the specific activity of the phenolics present in any 
given substrate. However, since there is no standardized method for measuring activity and 
each of these assays measures activity in a different way (reagents and reaction conditions), 
it is not accurate to compare results from these assays (Huang et al., 2005). 
1.2.2.2.1. ORAC 
The ORAC assay is a spectrophotometric assay using the generation and 
measurement of fluorescence. In this assay Trolox, a vitamin E analog, is used to prepare 
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a standard curve. This assay measures the ability of an antioxidant to ‘neutralize’ peroxyl 
radicals (Cao, Alessio, & Cutler, 1993). 
A general description of the ORAC assay can be seen in Figure 1.11. Briefly, a 
fluorescent probe is used as a target for peroxyl radicals generated with 2,2′-azobis(2-
amidinopropane). As the probe reacts with these radical species, it’s fluorescence is 
reduced. Upon addition of an antioxidant species to the reaction, the peroxyl radicals may 
be neutralized by such species, thus preventing the reaction of the fluorescent probe with 
radicals. Thus, comparing the fluorescence of a reaction with antioxidants and without, can 
be indicative of AA. Originally this assay was completed with B-phycoerythrin, a protein 
that acts as a fluorescent probe (Cao et al., 1993). However, more recent researchers have 
identified a more reliable probe called fluorescein that is used more often now (Ou, 
Hampsch-Woodill, & Prior, 2001; Thaipong, Boonprakob, Crosby, Cisneros-Zevallos, & 
Hawkins Byrne, 2006). 
 
Figure 1.11: General process for measurement of AA using ORAC assay. Substrate is 
either and antioxidant species or water as a control sample (Cao et al., 1993; Ou et al., 
2001). 
1.2.2.2.2. ABTS/TEAC 
The ABTS/TEAC assay uses ABTS to as a radical species, and Trolox® equivalent 
antioxidant capacity (TEAC) as a standard for comparison. Assays that include these two 
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its name from the chemical 2,2′-azinobis(3-ethylbenzothiazoline-6-sulfonic acid). This 
chemical, in its radicalized form (ABTS●), is a blue-green color. When combined with an 
antioxidant, the antioxidant causes reduction of the ABTS● and consequent decolorization 
(Figure 1.12) (Ilyasov, Beloborodov, Selivanova, & Terekhov, 2020; Re et al., 1999). 
Although this assay is a reliable method for measuring the activity of antioxidants, it like 
other similar assays, does not indicate a specific mechanism of activity. In this case, there 
seems to be no correlation between degree of radical scavenging capacity and the structure 
of the antioxidant in question (Nenadis, Wang, Tsimidou, & Zhang, 2004). 
 
Figure 1.12: Basic description of the chemistry behind the ABTS assay (Ilyasov et al., 
2020). 
1.2.2.2.3. DPPH 
The DPPH method is another AA assay that measures antiradical activity. More 
specifically, it can be used as a measurement of radical scavenging capacity (Blois, 1958; 
Bondet, Brand-Williams, & Berset, 1997). This activity is often aligned with lipid 
oxidation data as the structure of DPPH is such that the hydroxylation is similar to that of 
lipids (Blois, 1958; Nenadis et al., 2004). The DPPH assay gets its name from the chemical, 
1,1-diphenyl-2-picrylhydrazyl, used as the color indicator. The principal mechanism of this 
assay relies on the radical capacity of DPPH. During the reaction, DPPH● reacts with an 
antioxidant resulting in the reduced form, DPPHH and a radicalized antioxidant (Figure 
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scavenging capacity is then measured spectrophotometrically through a color change from 
purple to yellow that occurs during this reduction reaction. The kinetics of this reaction are 
not well understood, and the speed and reversibility vary with antioxidant species present. 
Slower reactions are thought to provide more reliable results (Bondet et al., 1997) 
 
Figure 1.13: General reaction mechanism of DPPH with antioxidant species (Dureja & 
Dhiman, 2012). 
1.2.2.2.4. FRAP 
The Ferric reducing ability of plasma, or FRAP, assay is used to measure the 
reducing power of antioxidants. This assay works very similarly to the ABTS/TEAC assay 
in theory but uses a different oxidant (Huang et al., 2005). This oxidant chemical is 
Fe(III)(2,4,6-tripyridyls-triazine)2Cl3 (Benzie & Strain, 1996). The reaction of FeCl3 with 
2,4,6-tripyridyls-triazine (TPTZ) creates an oxidizing compound called the FRAP reagent, 
thus giving the assay its name. During reaction with and antioxidant the Fe present in the 
FRAP reagent is reduced from Fe(III) to Fe(II) as seen in Figure 1.14 (Benzie & Strain, 
1996; Pulido, Bravo, & Saura-Calixto, 2000). This reduction reaction results in a color 
change from colorless to deep blue which is then measured spectrophotometrically as 
reducing power. Although the ABTS and FRAP assays are similar, they may yield different 
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measures of reducing ability because of this difference in ph. The FRAP assay is carried 
out at and acidic pH, whereas ABTS uses a neutral pH. Since these assays rely on the 
transfer of electrons from the antioxidant to the oxidizing chemical, protonation state based 
on the pH may alter the electron transfer (Huang et al., 2005). 
 
Figure 1.14: Chemical reaction that occurs during the FRAP assay between the FRAP 
reagent and antioxidants present (Huang et al., 2005). 
 Challenges and Other Relevant Factors 
In addition to protein structure, function, and biological activity, there are other 
components of peas that need to be addressed. Peas are not perfect! Despite the many 
benefits that peas provide, there are also barriers to their application in food markets. 
Compounds like saponins and fiber pose problems when considering peas for processing 
and food applications. During air classification, fiber is concentrated along with protein, 
and reduces purity of final product. In addition to fiber, bitter flavors are also a concern. 
These flavors are attributed to saponins which are known to associate with hydrophobic 
regions of proteins, and thus are isolated along with proteins during air classification (Price 
et al., 1987; Roland et al., 2017). 
 Saponins 
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In addition to naturally varying saponin profiles in peas, processing conditions and 
quantification techniques may also alter the measured content of saponins. This change in 
turn also alters the properties and flavors exhibited by the saponins. For example, 
processing treatments such as cooking, soaking, and steaming reduce saponin content. This 
phenomenon may be due to loss of water soluble saponins (Bishnoi & Khetarpaul, 1994; 
Rao & Gurfinkel, 2000). In addition, fermentation with some organisms is known to reduce 
undesirable odors, and flavors that may be caused by saponins (García Arteaga, Leffler, 
Muranyi, Eisner, & Schweiggert-Weisz, 2021) 
1.2.3.1.1. Types of Saponins in Peas 
 
Figure 1.15: Two prevalent saponin types in peas; adapted from (L. Heng et al., 2006; 
Kudou, Tonomura, Tsukamoto, Uchida, Yoshikoshi, et al., 1993). Group B (left), and 
DDMP (2,3-dihydro-2,5-dihydroxy-6-methyl-4Hpyran-4-one) soyasaponins (right). 
The major chemical difference between these two types is the R1 group (blue). Here, 
DDMP groups have a hydroxylated pyranone (DDMP) where soyasaponins simply have a 
hydroxyl group present. Different types within these two groups have different sugars at 
R2 and R3. Glg UA stands for β-D-glucuronic acid, and G/A indicates either an arabinose 
or glucose sugar. See Table 1.6 for specific examples of structures. 
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Table 1.6: Common types of Group B and DDMP soyasaponins and their distinguishing 
R groups (Kudou, Tonomura, Tsukamoto, Uchida, Yoshikoshi, et al., 1993; Singh et al., 
2017) 
Name R1 group R2 Group R3 Group 2nd Sugar Type 
Soyasaponin I Hydroxyl Methanol Rhamnose Glucose Group B 
Soyasaponin βg DDMP Methanol Rhamnose Glucose DDMP 
Soyasaponin II Hydroxyl Hydrogen Rhamnose Arabinose Group B 
Soyasaponin βa DDMP Hydrogen Rhamnose Arabinose DDMP 
Soyasaponin III Hydroxyl Methanol Hydrogen Glucose Group B 
Soyasaponin γg DDMP Methanol Hydrogen Glucose DDMP 
Soyasaponin IV Hydroxyl Hydrogen Hydrogen Arabinose Group B 
Soyasaponin γa DDMP Hydrogen Hydrogen Arabinose DDMP 
Soyasaponin V Hydroxyl Methanol Glucose Glucose Group B 
Soyasaponin αg DDMP Methanol Glucose Glucose DDMP 
Soyasaponin αa DDMP Hydrogen Glucose Arabinose DDMP 
 
The most common type of saponins present in peas are DDMP (2,3-dihydro-2,5-
dihydroxy-6-methyl-4Hpyran-4-one) type and Group B soyasaponins (Figure 1.15). 
During heat treatment, the R1 group (blue) on DDMP at C22 is cleaved yielding a chemical 
structure similar to that of group B soyasaponins (Kudou, Tonomura, Tsukamoto, Uchida, 
Sakabe, et al., 1993). There are 5 main types of Group B soyasaponins, and 6 main types 
of DDMP type saponins, and small chemical changes to one structure can create a different 
saponin completely (Table 1.6). For example, cleavage of the DDMP group from a βg 
saponin results in a type I soyasaponin. As studied by Heng and colleagues, peas have 
different ratios of DDMP to Group B soyasaponins, however, because these two 
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compounds have the same bitterness profile the amount of saponins in peas can be 
correlated with bitter flavor (L. Heng et al., 2006). 
1.2.3.1.2. Extraction of Saponins 
Saponins are typically quantified and identified with a combination HPLC and MS. 
However, before they can be quantified, they need to be extracted. There are a handful of 
conventional techniques like maceration, Reflux/Soxhlet or a combination of methods 
(Cheok, Salman, & Sulaiman, 2014). In addition, there are some newer green technologies 
that are being explored for their benefits to saponin quantification such as ultrasound 
assisted extraction (UAE) also known as sonication, microwave assisted extraction (MAE), 
and accelerated solvent extractions (ASE) (Azmir et al., 2013; Cheok et al., 2014; L. Heng 
et al., 2006).  
1.2.3.1.3. Conventional Extraction Technologies 
Conventional methods all harness the natural solubility of saponins in organic 
solvents (Azmir et al., 2013; Cheok et al., 2014). Soxhlet and reflux methods are essentially 
distillation techniques (Cheok et al., 2014). This process involves a solvent being passed 
over a sample of meal, evaporation of the solvent to collect the solute, and then repassing 
the solvent over the meal for a set amount of time (Azmir et al., 2013; Bart, 2011). 
Maceration is a very simple method and can be done with very little equipment. It involves 
crushing/grinding plant material to increase surface area, adding a solvent, and then 
straining/filtering to recover only the extracted liquid (Azmir et al., 2013). Although these 
methods are commonly used they are often criticized for the large amounts of solvents 
required and the long periods of time required for full extraction of a compound (Cheok et 
al., 2014). 
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1.2.3.1.4. Green Extraction Technologies 
These technologies alter the system in which the extraction is taking place to 
increase the extraction efficiency without using more, hazardous solvents. UAE uses high 
energy soundwaves to create bubbles in a process called cavitation (Abbas, Hayat, Eric, 
Bashari, & Zhang, 2013; Cheok et al., 2014; Vilkhu, Mawson, Simons, & Bates, 2008). 
Cavitation creates intense localized force on the cellular components when the bubbles 
burst. This force is enough to rupture the cellular components, and cause them to release 
their contents into the solvent (Abbas et al., 2013; Vilkhu et al., 2008).  
MAE, on the other hand alter the heat and mass transfer of an extraction to increase 
efficiency (Sadeghi, Hakimzadeh, & Karimifar, 2017). When exposed to microwaves, 
polar molecules increase in kinetic energy though a dipole rotation. This increase in energy 
causes localized increases in thermal energy as well (Sadeghi et al., 2017; Zhang, Yang, & 
Wang, 2011). Because microwaves penetrate the material more efficiently than solvents, 
we see extraction working from within cellular components where conventional methods 
are only as efficient as the solvent penetration (Ghafoor, Choi, Jeon, & Jo, 2009; Sadeghi 
et al., 2017; Zhang et al., 2011). This technology is commonly used to extract flavonoids 
and other antioxidant molecules, however it is fairly new to saponin research (Routray & 
Orsat, 2012) 
ASE uses yet a different mechanism to shift the extraction efficiency. Also referred 
to as pressurized liquid extraction, or pressurized hot-water extraction, ASE uses increased 
pressure and/or temperature to enhance extractability of saponins (Cheok et al., 2014). This 
method can be used with traditional organic solvents or water, and this plays a role in the 
name given to the technique (M. Y. Heng, Tan, Yong, & Ong, 2013). By increasing the 
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pressure and temperature of a solution the mass transfer is also increased for most 
molecules due to a shifted solubility curve (Azmir et al., 2013; M. Y. Heng et al., 2013; 
Nieto, Borrull, Pocurull, & Marcé, 2010) 
1.2.3.1.5. Quantification and Identification of Saponins 
After saponins are extracted then they are quantified through analytical methods. 
These methods include a chromatographic method such as gas chromatography (GC), high 
performance liquid chromatography (HPLC), or TLC coupled with a detection method like 
mass spectrometry (MS), ultraviolet (UV), flame ionization, or diode array (Shawky & 
Sallam, 2017). One of the more common combinations for quantification and 
determination is reverse phase HPLC-MS. (Berhow, Kong, Vermillion, & Duval, 2006; L. 
Heng et al., 2004; Mikołajczyk-Bator, Błaszczyk, Czyżniejewski, & Kachlicki, 2016). 
Reversed phase chromatography uses a non-polar stationary phase and a polar mobile 
phase. During this type of HPLC, the different saponins are separated based on their 
preferential affinity, for either the stationary or mobile phase with the most polar 
compounds eluting first (Skoog, West, Holler, & Crouch, 2013a). After elution, samples 
then need to be identified. This is commonly done through MS. During MS, compounds 
are broken apart and ionize where their charge to mass ratio is measured. Every chemical 
will break into distinct fragments thus giving each chemical a unique mass spectrum. This 
mass spectrum is like a fingerprint and can be used to identify a chemical (Skoog, West, 
Holler, & Crouch, 2013b).  
 Starch  
With such a high starch content, processing peas with heat becomes a challenge as 
the starch undergoes a process called gelatinization. When suspended in cold water, starch 
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granules swell as they take up moisture. If this suspension is heated, water diffuses into the 
crystalized regions of the granule where it then disrupts hydrogen bonds between starch 
chains (Figure 1.16). This disruption, along with the diffusion of amylose out of the 
granule, destabilized the structure and thus causes an increase in viscosity (Belitz, 2004; 
Guo et al., 2017). The temperature at which this occurs is specific to the plant the starch is 
from (Belitz, 2004; Hoover & Ratnayake, 2002). The pH of the solution also affects how 
much the viscosity of the solution increases as well; with lower pH the starch becomes less 
viscous (Hirashima, Takahashi, & Nishinari, 2005). 
 
Figure 1.16: Pictorial representation of starch granule crystal structure containing 
amylopectin, amylose, and lipids (Belitz, 2004; Morrison & Karkalas, 1990). 
Plants use starch as the main storage mechanism for energy (Badenhuizen, 1969). 
Because of this, there are often large stores of starch in plants. Peas, have large oblong 
stores of starch as can be seen in Figure 1.17 (Möller, van der Padt, & Goot, 2020). 
Because of this structure in peas, the starch is inaccessible to enzymes and fungal /bacterial 
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prior to starch hydrolysis. As mentioned above this gelatinization is typically induced by 
water and heat causing swelling and rupture of the starch granules (Belitz, 2004; Guo et 
al., 2017). This is a common practice for brewers, as barley is a high starch substrate much 
like peas (Holliland, 2011). 
 
Figure 1.17: Scanning electron micrograph of yellow pea. Measurements of starch granule 
size indicated in µm (Möller et al., 2020). 
  Dietary Fiber 
In plants fiber is a structural component made of cellulose, hemicellulose, and 
lignin (Figure 1.18). In terms of dietary fiber, the equation becomes a little more 
complicated. There are many definitions of dietary fiber, and these definitions depend on 
factors such as the analytical method used to measure as well as the feed/sample you are 
analyzing (Fahey, Novotny, Layton, & Mertens, 2017). The FDA defines dietary fiber as 
the non-digestible portion of fiber and is excluded from the calorie content (USFDA, 1987). 
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This definition includes non-starch polysaccharides, lignin and some types of resistant 
starch (Institute of Medicine, 2001). Other agencies and groups go on to further define 
dietary fiber as the non-digestible components of plant matter that is not digestible by the 
small intestine but may be hydrolyzed in the large intestine by resident microbiota (Fahey 
et al., 2017; Institute of Medicine, 2001; Turner & Lupton, 2011). 
 
Figure 1.18: shows the main structure of fiber in plants. Cellulose, the main structural 
component, is made of long unbranched glucose repeats. Lignin, the rigid woody 
component, runs parallel to the cellulose. Hemicellulose, a smaller diameter than cellulose 
with shorter strands, weaves everything together. It has shorter “strands” and has much 
more branching. (Fahey, Novotny, Layton, & Mertens, 2017) 
Although there is no standard definition in the US, the FDA has given a standard 
for use in food production. This standard is linked to specific AOAC methods (985.29. and 
991.43 along with slight variations of the two methods) for measurement that include 
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enzymatic gravimetric analysis (Fahey et al., 2017; Institute of Medicine, 2001). This 
analysis uses a series of enzymatic digestions and pH adjustments that result in two 
residues, protein and ash. These two residues are then used to calculate the dietary fiber 
(Megazyme, 2017). However, these methods are highly complex with many factors that 
can affect dietary fiber analysis. These factors include the drying method (Maillard 
reactions), components that hinder filtration (starch, pectin, ash), growth conditions of the 
plant itself (temperature, maturity), and particle size (Fahey et al., 2017). 
 Solubility 
Another challenge associate with isolation of peas is their solubility which produces 
specific challenges in terms of extraction efficiency (J. Boye et al., 2010). Solubility is 
variable based on temperature, pH, solvent nature, and other environmental factors. Since 
pea proteins are a composite of many types of proteins each with their own solubility 
characteristics as we saw in Figure 1.7. Unlike soy, which has a protein distribution largely 
dominated by globulins (65-90 %), peas are more evenly distributed in protein types (J. 
Boye et al., 2010; Lusas & Riaz, 1995; Tulbek et al., 2017).  
A typical pH solubility curve can be seen in Figure 1.19. The extraction pH, 
temperature, and solvent altered the range at which the isoelectric point (pI) was located 
on the curve. For the treated proteins, the pI ranged from 4 to 6 (Taherian et al., 2011). 
Amount of protein solubilized at pH 7 is typically used as a metric for gauging the solubility 
of protein isolates. However, depending on the application, pea proteins may be used in 
more acidic systems, and thus solubility at lower pH levels is important as well (Gao et al., 
2020). In untreated pea flour the solubility is about 69% (Ribéreau et al., 2018). The protein 
solubility of isolates ranged from 94% (extraction pH 8.5) to 83% (extraction pH 9.5) at 
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neutral pH. At a pH of 3.5, the solubility significantly decreased to about 44 to 33% for the 
same samples. Although an extraction pH of 9.5 or higher, allows the recovery of more 
protein, the solubility is significantly decreased.  
 
Figure 1.19: Solubility curve for pea proteins treated with different professing conditions 
compared with commercial isolates. Samples were treated with different solvents, pH, 
temperatures, during extraction and collection (Taherian et al., 2011). 
 Bioprocessing for Protein Improvement 
Bioprocessing has been around for centuries and is responsible for the foods we 
know and love today. One of the newest buzzwords to the field is bioactive peptides. 
Fermentation, a processing technique harnessing the endogenous metabolism of 
microorganisms, has long been used to produce foods such as kimchi, tofu, yogurt, 
sauerkraut and many others (Yamamoto, 2010). These foods have always been touted as 
health foods however, they have only recently been defined as sources of bioactive peptides 
and nutraceuticals (Mine, Li-Chan, & Jiang, 2010; Yamamoto, 2010). The fermentation 
process inevitably causes protein hydrolysis; thus, freeing functional regions of proteins 
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and increasing the bioactive properties of the food. Because of the increasing interest in 
these bioactive peptides, databases describing the sequences, and biochemistry of these 
proteins are being compiled (Dziuba & Dziuba, 2010). In addition to bioactive peptides, 
bioprocessing provides opportunity for improvements to protein content and production of 
valuable chemicals of interest as a result of organism metabolism (Abd El-Fattah, Sakr, El-
Dieb, & Elkashef, 2017; Babini, Tagliazucchi, Martini, Dei Piu, & Gianotti, 2017; 
Baldwin, Karki, Zahler, Rinehart, & Gibbons, 2019; Croat, Berhow, Karki, 
Muthukumarappan, & Gibbons, 2016; Hesham A El-Enshasy, 2007; Pensupa, Jin, 
Kokolski, Archer, & Du, 2013; Sanjukta & Rai, 2016; Simon et al., 2017; Zahler, Karki, 
& Gibbons, 2018).  
 Fungal Fermentation 
Fungal fermentation has been used on a variety of oil seeds, cereal grains, and 
industrial grain by-products to increase their value (Baldwin et al., 2019; Croat et al., 2016; 
Simon et al., 2017; Zahler et al., 2018). This increase in value has been seen in protein 
content and quality, sugar hydrolysis, TPC and AA as well as many others. For peas it has 
been proposed that fungal fermentation will provide concentration of protein, reduction of 
off-flavors, starch and fiber, and potentially an increase in TPC (Abd El-Fattah et al., 2017; 
Roland et al., 2017).  
 Alterations to Protein Structure, Function, Bioactivity, and Composition 
Despite fungal fermentation being an old technology, literature reporting its effects 
on functional properties in peas and pulses is scarce. Lactobacillus has been used to ferment 
pea protein concentrates for improved digestibility but decreased content of sulfur amino 
acids and thus protein quality (Çabuk et al., 2018). Phytochemical profiles (dietary fiber, 
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phytates, and phenolics) are also altered by fermentation of pulses with Lactobacillus 
species (Byanju, Hojilla‐Evangelista, & Lamsal, 2021; Çabuk et al., 2018). In addition, 
fermentation with both fungi and bacteria has the potential to alter allergenicity (Barkholt 
et al., 1998). Fermentation of peas with Aspergillus species may increase water holding 
capacity and oil holding capacity (Kumitch et al., 2020). Fermentation with fungi in pigeon 
peas has significantly increased specific phenolic compounds with beneficial nutraceutical 
activity (Zhao et al., 2012). 
 Bioactivity 
Although bioactive peptides can be produced in vivo, there is also significant 
interest in producing these peptides via other means as well. Some grains or pulses may 
have naturally occurring bioactivity, but hydrolysis of their proteins is known to increase 
the AA (S. J. Hur, Lee, Kim, Choi, & Kim, 2014; Jiang et al., 2010). Enzymatic hydrolysis 
and fermentation are known to increase phenolic content and activity in some substrates 
but is largely unexplored in peas (Boeck et al., 2021; Oboh et al., 2009) 
 Enzymes 
The most common method of producing these peptides is through enzymatic 
hydrolysis (Xiong, 2010). This method is very efficient with short treatment times, and 
easy scale up, making this a common choice in industrial applications. Enzyme hydrolysis 
has also been used on a variety of substrates including both plant and animal derivations 
(Chakrabarti et al., 2018; Xiong, 2010).  
 Organisms 
An alternative to digestion with purified enzymes, is production of peptides via 
microbial fermentation. Different types of bacteria or fungi are used for their endogenous 
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metabolism to activate these peptides with AA (Xiong, 2010). Bacteria such as lactobacilli, 
and fungi such as Rhizopus, Mucor, and Aspergillus species are used in traditional 
fermented foods as well as more modern industrial processes (Babini et al., 2017; Sanjukta 
& Rai, 2016). Each organism produces a unique panel of enzymes that will hydrolyze 
proteins to different degrees and at different rates. These two important factors are 
determined by the fermentation time and the source of proteins available to the organism 
(Chakrabarti et al., 2018).  
 Yellow Peas 
Peas and other pulses have shown promise for the production of bioactive peptides; 
however most of the limited body of work has focused on chickpeas and green peas (Jiang 
et al., 2010). Fermentation of pulses via different organisms has proven to produce varying 
degrees of AA which seems to indicate that different organisms activate the bioactivity of 
peptides with different efficiencies (Humiski & Aluko, 2007). Although these proteins 
have been shown to have AA, little else is known of them (Jiang et al., 2010). Thus, the 
functional mechanisms of these peptides need to be explored and characterized for used in 
food or health supplements.  
 Organism Selection 
One of the most important parts of fermentation work is organism selection. 
Choosing an organism that can accomplish your goal safely and efficiently is paramount 
to the success of fermentation work (Hesham A. El-Enshasy, 2007). For our investigation 
of peas, we have selected 6 fungal organisms for consideration. Fungi, being eukaryotes, 
have a wider panel of enzymatic activity which make them advantageous over bacteria for 
fermentation work.  
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Figure 1.20: Asexual reproductive cycle for many fungi. Networks of branched hyphae 
give rise to conidiophore which branch above the media surface. The conidiophore then 
rapidly begins to produce spores that, once mature, can form additional hyphal mass 
(mycelium) at or below the media surface. Image taken from Houghton Mifflin Harcourt’s 
CliffsNotes on Microbiology (CliffsNotes, 2020). 
Fungi also fall into two visually distinct classes: yeasts and molds. Molds are 
hallmarked by their filamentous growth both above and a below the growth substrate, and 
potential for spore formation (Figure 1.20) (Błaszczyk, Siwulski, Sobieralski, Lisiecka, & 
Jędryczka, 2014). Yeasts on the other hand, are known for their submerged growth of cells 
and reproduction via budding or fission (Kurtzman, Fell, & Boekhout, 2011). A brief 
description of each of the 6 organisms used can be found in the following sections. 
 Aspergillus Species 
Aspergillus fungi are a widely known genus of fungi with more than 196 species 
(Geiser et al., 2007). The organisms withing this genus have important economic and health 
related impacts; from enzymes, to allergies, to toxic metabolites, Aspergillus species have 
diverse metabolic products (De Vries & Visser, 2001; Geiser et al., 2007). Aspergillus 
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species are known for their strong production of enzymes capable of degrading plant cell 
walls and their complex carbohydrate structures, such as cellulases, xylosidases, 
galactosidases, arabinases, galactanases, and a few others (Bansal, Tewari, Soni, & Soni, 
2012; De Vries & Visser, 2001). 
1.3.4.1.1. A. oryzae 
A. oryzae is a filamentous fungi commonly used in solid state fermentation to create 
traditional Japanese foods such as miso, sake, and soy sauce (Machida, Yamada, & Gomi, 
2008; Miyazima & Matsuura, 2011). Its long-standing success in fermented foods is 
associated with its production of hydrolases. In recent years the use of A. oryzae has 
expanded to adding value to plant proteins and other crops (Kumitch et al., 2020). These 
hydrolases include amylases, hemicellulase, cellulase, and proteases that are beneficial in 
the break-down of starches and proteins (Hesham A El-Enshasy, 2007; Hong, Lee, & Kim, 
2004; Sandhya, Sumantha, Szakacs, & Pandey, 2005; Sivaramakrishnan, Gangadharan, 
Nampoothiri, Soccol, & Pandey, 2007). In addition, A. oryzae has been known to produce 
bioactive peptides, likely due to its protease activity (Abd El-Fattah et al., 2017). There 
have also been reports of increased TPC from A. oryzae fermentation (Yin et al., 2018). 
1.3.4.1.2. A. niger 
A. niger is a filamentous fungi characterized by production of greenish black 
conidial heads and spores (Raper & Fennell, 1965). A. niger is also highly versatile with 
the substrates it will grow on, making it easy to cultivate (Raper & Fennell, 1965). 
Fermentation with A. niger is completed for a variety of reasons from improved value to 
grains, to production of enzymes and valuable chemicals. Sometimes the goal is production 
of a secondary metabolite such as citric acid (Papagianni, 2007). Other time Aspergillus is 
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used for the many excreted enzymes it produces like glucose oxidase, pectinase, phytase, 
lipases, cellulases, xylanases (Couri, Da Costa Terzi, Saavedra Pinto, Pereira Freitas, & 
Augusto Da Costa, 2000; Hesham A El-Enshasy, 2007; Kamini, Mala, & Puvanakrishnan, 
1998; Mahadik, Puntambekar, Bastawde, Khire, & Gokhale, 2002). It is also used in 
substrates like peas to increase value (Kumitch et al., 2020). In addition to enzyme 
production, A. niger has the potential to improve the quality of meal via increased TPC 
(Jakovljević, 2021). 
 Aureobasidium pullulans 
A. pullulans is a yeast like organism characterized by slimy pink-cream colored 
colonies on solid media. Some strains are known to produce melanin at longer growth 
times, at which point the colonies turn black (Ellis, 2016a; Pollock, Thorne, & Armentrout, 
1992). This organism, despite having yeast-like characteristics, also has a diverse range of 
morphologies including characteristics of molds. These morphologies include mycelium 
with branched filamentous growth, chlamydospores, and swollen cells thought to be the 
transition from yeast-like to filamentous growth (Slepecky & Starmer, 2009). The growth 
environment and nutrient availability regulates transitions between these morphologies 
(Slepecky & Starmer, 2009). 
A. pullulans produces many enzymes including xylanases, cellulases, hemi-
cellulases, and proteases (Chi, Ma, Wang, & Li, 2007; Leite et al., 2007; Ohta, Fujimoto, 
Fujii, & Wakiyama, 2010). In addition to enzymes, A. pullulans is widely known for its 
production of pullulan, an edible biofilm. This biofilm is a polymer of maltriose subunits 
which has applications in food, feed, cosmetics, and personal hygiene industries (Cheng, 
Demirci, & Catchmark, 2011; T. D. Leathers, 2003) 
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 Neurospora crassa 
N. crassa is a bread mold known for its unique hyphal mats in which nuclei and 
cytoplasm can pass from one cell to another (Davis & Perkins, 2002; Springer & Yanofsky, 
1989). In periods of nutrient deficiency, N. crassa asexually produces spores found on 
aerial structures (Springer & Yanofsky, 1989). Fermentation with N. crassa has been 
known to add value to industrial by-products and grains by degrading fiber, producing 
ethanol, increasing protein content, and reducing allergens (Dogaris, Gkounta, Mamma, & 
Kekos, 2012; J. Li et al., 2019; Xiros, Topakas, Katapodis, & Christakopoulos, 2008). This 
ability to increase value is likely due to N. crassa impressive panel of hydrolyzing 
enzymes. These enzymes include β-glucosidase, xylanase, cellulase, lignocellulase, and 
superoxide dismutase to name a few (Macris, Kekos, & Evangelidou, 1989; Mishra, 
Keskar, & Rao, 1984; Misra & Fridovich, 1972; Romero, Aguado, González, & Ladero, 
1999; Znameroski et al., 2012). 
 Rhizopus microspores var. oligosporus 
R. oligosporus is a variant of Rhizopus microspores species. It is characterized by 
grey to brown colonies with thick fluffy white growth on solid media that begins to turn 
yellow or gray after sporulation (Ellis, 2016b). R. oligosporus is a traditional microbe used 
in the fermentation of soybeans to produce tempeh (Nout & Kiers, 2005; Prihatna & 
Suwanto, 2007). In more recent research, the use of R. oligosporus has expanded to other 
substrates like cowpeas and quinoa. These researchers report that R. oligosporus alters the 
functional characteristics, antioxidant activity, and phenolic content (J. Hur, Nguyen, Park, 
Kim, & Kim, 2018; Melini & Melini, 2021; Prinyawiwatkul et al., 1997). In addition R. 
oligosporus is known for its functional enzymes like amylases (De Barros Ranke et al., 
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2020). R. oligosporus has also been used to induce glyceollin production in soy (Cho, 
Chun, Kim, Kim, & Kim, 2013). 
 Trichoderma reesei 
Trichoderma species are molds commonly found in the soil but may also be found 
colonizing plants (Błaszczyk et al., 2014; Harman, Howell, Viterbo, Chet, & Lorito, 2004). 
In the soil, Trichoderma are responsible for degrading organic material, with their myriad 
of digestive enzymes. In terms of metabolism, Trichoderma is not picky; many species of 
Trichoderma can digest complex oligo- and polysaccharides as well as cellulosic materials 
(Eveleigh, 2000). This genus is characterized by specific growth patterns including quick 
growth and production of abundant spores and in some cases sclerotia (Błaszczyk et al., 
2014). 
Trichoderma reesei (T. reesei) is one such species that produces cellulase, however, 
it is also known for other enzymes such as glucanase, xylanase, pectinase, cellulase, 
hemicellulase, and mannanase (Błaszczyk et al., 2014; Hesham A El-Enshasy, 2007; 
Miettinen-Oinonen & Suominen, 2002). However, T. reesei seems to lack β-glucosidase, 
an important cellulase (Wen, Liao, & Chen, 2005). This diverse panel of enzymes makes 
T. reesei an optimal choice for fermentations of crops with high fiber and complex sugar 
content.
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CHAPTER 2. INTRODUCTION 
Due to an ever-increasing interest in sustainable food and plant-based foods, 
proteins from various pulses, cereal grains and other plants are gaining popularity. Peas 
contain few allergens, and are compatible with vegetarian, vegan, lactose-free, and gluten 
free diets (Jiang et al., 2010). They also contain many nutritionally relevant phytochemicals 
and have well balanced amino acid profiles that make them a healthy addition to any diet 
(Dahl et al., 2012; Ho et al., 2014; Lam et al., 2018; Oelke, 1991; Roy et al., 2010; Tome, 
2012). Because of these factors, pea proteins are an optimal candidate for use in food and 
food products.  
Despite their many benefits, the integration of peas into food markets is limited due 
to a few key challenges. These challenges include fiber, starch, and saponins. Fiber a main 
structural component of plants, is contaminant in final protein products (J. I. Boye & Ma, 
2015; Tulbek et al., 2017). Starch as a contaminant to pea proteins, gels and creates 
concerns when heat treating a product (Belitz, 2004; Guo et al., 2017). Although saponins 
have known anti-cancer properties, they also contribute to bitter, off-putting flavors in pea 
products (Dong et al., 2019; El-Keiy et al., 2019; Higdon & Drake, 2007; Lacaille-Dubois, 
2000; Marrelli et al., 2016; Price et al., 1987; Rao & Gurfinkel, 2000; Roland et al., 2017). 
The combination of these three factors makes the processing of peas and their 
implementation in food markets a challenge. 
Currently, peas make up about 80% of plant-based proteins on the market 
(GrandView, 2019). With companies like Roquette, Ingredion, Cargill, and AGT Foods 
each having their own pea protein products, pea proteins are not scarce. However, these 
protein products have their short comings. These proteins are up to 20% non-protein 
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contaminants, not highly soluble, and have a bitter taste that is off putting to 
consumers(AGT, 2021; Cargill, 2019a, 2019b; Ingredion, 2020b; Roquette, 2020). This 
therefore requires blending with other proteins to make a desirable product or excludes 
them from being applied in some cases all together. This creates a need to further improve 
these products. 
To produce such protein products, protein extraction is an essential process. These 
extractions are either wet or dry processes and both have their pros and cons. Wet 
processing like alkaline extraction and isoelectric precipitation, is a commonly used 
method as it results in higher protein content in the final isolate (Hoang, 2012). On the 
other hand, this method also compromises functionality because of fluctuating pH levels 
(J. I. Boye et al., 2010; Cui et al., 2020; Hansen, 2020; Hoang, 2012). Dry methods, most 
commonly air classification, only produces a protein concentrate fraction in peas. This 
concentrate is around 50% protein and has about 30% fiber (Igbasan et al., 1997; Pelgrom 
et al., 2013; Wright et al., 1984; Wu & Nichols, 2005). This type of extraction does not 
apply heat or other harsh conditions (extreme pH, agitation, etc.) and thus preserves protein 
functionality (Schutyser & van der Goot, 2011). 
Fermentation has long been used as a tool to create food. Traditional foods such as 
tofu, yogurt, kimchi, sauerkraut, and tempeh are some examples (Nout & Kiers, 2005; 
Prihatna & Suwanto, 2007; Yamamoto, 2010). At a basic level, these products use 
fermentation to alter the flavor and texture of the original food product. However, 
fermentation works at a much more complex level to alter the composition of the food. 
Organisms like lactic acid bacteria, and various yeasts and molds have been reported to 
increase the phenolics, fiber, and phytic acid as well as alter allergenicity of grains, 
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(Barkholt et al., 1998; Byanju et al., 2021; Çabuk et al., 2018; Zhao et al., 2012). 
Fermentation has also been known to improve the value of cereal grains, oilseeds, pulses, 
and their proteins through an increase in protein content, and a decrease in antinutritional 
factors (Abd El-Fattah et al., 2017; Babini et al., 2017; Baldwin et al., 2019; Croat et al., 
2016; Pensupa et al., 2013; Sanjukta & Rai, 2016; Simon et al., 2017; Zahler et al., 2018). 
With these demonstrated benefits, fermentation has potential for improving the 
processability of peas.  
The possibilities for organisms to use in fermentation are endless. However, factor 
such as the enzyme panel of the organism as well as the potential byproducts they will 
produce need to be considered. The FDA is one source of this type of information. They 
have a list of generally recognized as safe or GRAS organisms and products. Organisms 
find a place on this list if they have been previously used safely in food or food additives 
(FDA, 2018). Yeasts like A. pullulans have a place on this list for it’s production of 
pullulan, an edible biofilm (Cheng et al., 2011; T. D. Leathers, 2003). Then there are 
organisms such as A. oryzae, and R. microspores species that are traditionally used in 
fermented foods (Machida et al., 2008; Miyazima & Matsuura, 2011; Nout & Kiers, 2005; 
Prihatna & Suwanto, 2007). 
We propose that the fermentation of dehulled pea flour and pea protein concentrates 
will produce protein isolates with valuable functional, structural, and biological properties 
and degrade less desirable components like starch, fiber, and saponins. With this study, we 
fermented both dehulled pea flour and pea protein concentrate from air classification with 
a panel of 6 fungal organisms (N. crassa, R. microspores var. Oligosporus, T. reesei, A. 
pullulans, A. niger, and A. oryzae). Optimal fermentation was determined through 
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proximate analysis of protein, saponins, starch (dehulled peas only), dietary fiber (protein 
concentrates only), TPC, fermentation efficiency, and solids recovery. After the optimal 
fermentation organisms and times were determined, extraction of proteins from both 
substrates was explored using an aqueous alkaline extraction process. During this 
extraction study, fermentation time, antimicrobial method, and post fermentation drying 
method was assessed for their respective impacts on extraction yield, protein yield, and 
protein content of the resulting isolates. 
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CHAPTER 3. THE EFFECTS OF FUNGAL BIOPROCESSING 
ON AIR-CLASSIFIED PEA PROTEIN CONCENTRATES 
 Abstract: 
 Yellow peas are a high-protein pulse crop with many potential food applications. 
Air-classified protein products are gaining popularity for their conserved native 
functionality and environmental benefits. However, air-classification of yellow peas has a 
few challenges preventing products from entering food markets, including fiber 
contamination and bitter flavors. A commonly recognized source of these flavors is due to 
the presence of saponins, compounds produced as secondary metabolites as a response to 
pathogens or environmental stress. We believe that fungal fermentation has the potential 
to improve quality and broaden the applications of air-classified pea proteins in food 
markets. This study included a 120-hr fermentation of air classified pea proteins (52% 
protein) using 6 fungal organisms. Fermented material was analyzed for total phenolic 
content (TPC), saponin profile, mass balance, soluble and insoluble dietary fibers, and 
crude protein. Results indicate that fermentation can alter functional characteristics of air 
classified pea proteins. These alterations include potential increases in TPC, protein 
content, protein solubility, saponin content, and fiber fractions. Overall, these results 
demonstrate potential benefits of microbial fermentation processes for new and improved 
plant protein sources, specifically in underutilized crops like yellow peas. 
 Introduction 
As the global population continues to grow there is an ever-increasing need for 
sustainable food. This need is propelled by health-conscious consumers who desire 
alternatives to current protein options on the market. Consumers desire these alternatives 
for a variety of reasons such as food allergies, ingredient sensitivities, limited diets, and 
Chapter 3 | 63 
genetically modified organism (GMO) avoidance (Jiang et al., 2010). For these reasons, 
plant-based proteins like soy and pea are gaining prevalence in food markets (Schutyser et 
al., 2015).  
Proteins derived from peas are beginning to replace their soy counterparts in human 
nutrition markets. In the United States, pea proteins make up 80% of plant-based proteins 
on the market and are projected to have a market value of more than $300 billion by 2025 
(GrandView, 2019). This rapid gain in market share, is due to the many known benefits of 
yellow peas. Yellow peas are not associated with the big eight allergens, contain all nine 
essential amino acids, are high in carbohydrates, low in fat, and include nutritionally 
relevant phytochemicals, vitamins, and minerals (J. Boye et al., 2010; Higdon & Drake, 
2007; Jiang et al., 2010). However, there are still challenges of processing peas for human 
food use. These challenges include off flavors or odors and low pure protein extraction 
yields. To overcome these challenges, it is necessary to explore processing techniques 
capable of improving protein extractability and desirable characteristics. 
Fungal fermentation has the potential to provide solutions to challenges presented 
by peas. Fermentation has been used on a variety of oil seeds, cereal grains, and industrial 
grain by-products to increase their value. This increase in value has been seen in protein 
content and quality, sugar hydrolysis, reduced antinutritional factors, TPC, and antioxidant 
activity (Abd El-Fattah et al., 2017; Babini et al., 2017; Baldwin et al., 2019; Croat et al., 
2016; Pensupa et al., 2013; Sanjukta & Rai, 2016; Simon et al., 2017; Zahler et al., 2018). 
For peas it has been proposed that fungal fermentation will provide concentration of 
protein, reduction off-flavor, and an increase in TPC (Abd El-Fattah et al., 2017; Kumitch 
et al., 2020; Roland et al., 2017). 
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In this study, we aim to (1) determine whether dry-processed pea proteins (DPP) 
can support microbial growth via 6 fungal species, and (2) assess the effect of each 
organism on crude protein-, saponin-, and total phenolic content of DPP over 120 hours of 
fermentation. These characteristics were chosen for their application to commercialization 
of fermented DPP. All fungal species are generally recognized as safe (GRAS) and have 
increased the value of other substrates (Abd El-Fattah et al., 2017; Babini et al., 2017; 
Baldwin et al., 2019; Croat et al., 2016; Pensupa et al., 2013; Sanjukta & Rai, 2016; Simon 
et al., 2017; Zahler et al., 2018). 
 Materials and Methods  
 Fungal Organisms 
All fungal organisms used, obtained from the USDA ARS database (Peoria, IL, 
USA; see Table 3.1). Cultures were plated on potato dextrose agar (PDA) for short term 
storage and kept at 4 °C.  
Table 3.1: Organisms used. Abbreviation, NRRL number and optimal pH for each culture 
are listed. 
Organism Abbreviation NRRL# pH 
Aspergillus niger A. niger (An) 334 5 
Aspergillus oryzae A. oryzae (Ao) 5590 5 
Aureobasidium pullulans A. pullulans (Ap) Y-2311-1 3 
Neurospora crassa N. crassa (Nc) 2332 5 
Rhizopus microspores var. oligosporus R. oligosporus (Ro) 2710 4.5 
Trichoderma reesei T. reesei (Tr) 3653 5 
Uninoculated Control Control (Ct) - 5 
 
 Media and Reagents 
Air classified pea protein was obtained from AGT Foods (Bismarck, ND, USA. 
Sulfuric Acid (10 N) from Fisher Scientific (Waltham, MA, US) was used to adjust pH of 
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media. Struktol J 673A (Hamburg, Germany) used to prevent foaming during autoclaving 
of media. Folin-Ciocalteu’s Phenol Reagent from Sigma Aldrich Corporation (St. Louis, 
MO, USA), and calcium carbonate, ethanol, and gallic acid from Fisher Scientific 
(Waltham, MA, US) were used in the TPC assay. 
 Fungal Fermentation 
Inoculums were prepared by transferring mold spores, scrapings of filamentous 
mold growth, or single yeast colonies from stock plates into a 250 mL Erlenmeyer flask. 
Each flask contained 100 mL of Glucose Yeast Extract media (GYE) with 50 g/L glucose 
and 5 g/L yeast extract. The flasks were then incubated for 48 hours in an Excella E25 
orbital shaker (New Brunswick Scientific, Enfield, CT) at 30 °C and 150 RPM. 
Submerged fermentation was performed in 500 mL Erlenmeyer flasks at a 300 mL 
working volume. Moisture content of DPP was determined and 30 g of DPP by dry basis 
was added to each flask (10% solid loading rate). Final volume was reached by adding 
deionized water to reach 300 mL. Flasks were adjusted to the appropriate pH (Table 3.1) 
for each organism using 10 N sulfuric acid. Foam stoppers were used to close the flasks 
and each flask was then sealed with aluminum foil. Prepared media flasks were autoclaved 
for 20 minutes at 121°C and subsequently cooled to room temperature. After cooling, flasks 
were inoculated with 3 mL of inoculum (1% of working volume) and incubated for 120 
hours in an Excella E25 orbital shaker (New Brunswick Scientific, Enfield, CT) at 30 °C 
and 150 RPM. 
 Sampling and Post Processing 
Starting at 0 hours, 3 flasks were harvested every 24 hours with the final samples 
being taken at 120 hours (6 sample points total). Sampling procedure included 
Chapter 3 | 66 
centrifugation of fermented meal at 10,000 g for 10 minutes. Immediately after 
centrifugation, supernatant was decanted from the solids. For samples that did not form 
solid pellets after centrifugation, a 0.5 mm metal mesh was used to separate solids from 
the supernatant. Both solid and liquid fractions were then dried at 80 °C for 24-48 hours or 
until constant weight. 
 Analytical Procedures 
 Moisture 
Moisture content of each dried sample was determined using the American 
Association for Cereal Chemistry (AACC). Briefly, 1 g of sample was dried in an oven at 
80 °C for 24 hours (AACC, 2010a). 
 Crude Protein 
Crude protein was founding using LECO model FP528 (St. Joseph, MI, USA). 
Briefly, the nitrogen in a 0.25 g of sample was determined via combustion. The Nitrogen 
output was converted to crude protein with a conversion factor of 6.25. Moisture is then 
used to calculate crude protein per dry basis. 
 Saponins 
The individual saponins were determined based in standards and analysis 
previously reported from this laboratory and are similar to other published analytical 
methods (AACC, 2010b; Berhow et al., 2006; Fenwick & Oakenfull, 1983; Megazyme, 
2017; Shawky & Sallam, 2017). 
3.3.5.3.1. HPLC Analysis for Saponin Quantification 
Defatted samples (typically 0.25 grams) are placed in a vial and 3 mL of dimethyl 
sulfoxide-methanol (1:1) solution was added. The vials are capped and wrapped with 
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sealing tape and sonicated in a sonic water bath for 45 minutes and allowed to stand 
overnight at room temperature. An aliquot was removed from the vial and filtered through 
a 0.45 µM nylon 66 filter for HPLC analysis for triterpenoid glycosides (saponins). HPLC 
analysis was conducted on a Shimadzu LC-20 HPLC system (LC-20AT quaternary pump, 
DGU-20A5 degasser, SIL-20A HT autosampler, and an SPD M20A photodiode array 
detector, running under Shimadzu LC Solutions version 1.22 chromatography software, 
Columbia, MD, USA). The column was an Inertsil ODS-3 reverse phase C-18 column (5 
µM, 250 mm x 4.6 mm) from GL Sciences (Torrance, CA). For triterpene analysis, the 
initial conditions were 30% acetonitrile and 70% water with 0.025% trifluoracetic acid, at 
a flow rate of 1 ml per minute. The effluent was monitored at 210nm on the diode array 
detector. After injection of 25 µL of sample, the column was developed to 40% acetonitrile 
and 0.025% trifluoracetic in a linear gradient over 40 minutes. Standard curves based on 
nanomoles injected were prepared from commercially obtained standards or standards 
prepared in this laboratory. 
3.3.5.3.2. LC-ESI-MS for Compound Confirmation 
Samples were run on an Thermo Electron LTQ Orbitrap Discovery Mass 
Spectrometer -- a linear ion trap (LTQ XL) MS, coupled to a high-precision electrostatic 
ion trap (Orbitrap) MS with a high energy collision (HCD) cell -- with an Ion Max 
electrospray ionization (ESI) source, and a Thermo Scientific ACCELA series HPLC 
system (ACCELA 1250 UHPLC pump, ACCELA1 HTC cool stack autoinjector, and a 
ACCELA 80 Hz PDA detector) all running under Thermo Scientific Xcalibur 2.1.0.1140 
LC-MS software. The MS was typically calibrated at least weekly with a standard 
calibration mixture recommended by Thermo Scientific and the signal detection optimized 
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by running the autotune software feature as needed. The MS was run with the ESI probe in 
the negative mode. The source inlet temperature was 300 ̊ C, the sheath gas rate is typically 
set at 50 arbitrary units, the auxiliary gas rate is set at 5 arbitrary units and the sweep gas 
rate is set at 2 arbitrary units. The maximal mass resolution is set at 30,000, the spray 
voltage is set at 3.0 kV, the tube lens was set at -100 V. Other parameters are determined 
and set by the calibration and tuning process. The column used was an Inertsil ODS-3 
reverse phase C-18 column (3 µ, 150 x 3 mm from GL Sciences, Torrance, CA. For 
triterpene analysis, the initial conditions were 30% acetonitrile and 70% water with 0.1% 
formic acid, at a flow rate of 0.25 ml per minute. After injection of 5 µL of sample, the 
column was developed to 40% acetonitrile and 0.1% formic acid in a linear gradient over 
40 minutes. The software package was set to collect mass data between 100-2000 AMUs. 
Generally, the most significant sample ions generated under these conditions were [M-1]- 
and [M+HCOO]-. For the evaluation of Xcalibur accurate mass data by the Cerno 
BioScience LLC MassWorks 5.0.0.0 software (Las Vegas, NV) the FTMS was set to 
collect spectra at a resolution of 7500 and a range of m/z of 100 to 2000 and then were 
evaluated by sCLIPS (self-Calibrating Line-shape Isotope Profile Search) which enhances 
formula ID accuracy. 
 Dietary Fiber 
Total dietary fiber analysis was performed at the ESCL University of Missouri 
Columbia with adapted protocols for small sample size (AACC, 2010b; Megazyme, 2017). 
 Total Phenolic Content 
TPC was determined using methods adapted from the Waterhouse Lab 
(Waterhouse, 2001). Extraction of solids was carried out prior to TPC determination. In 5 
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mL of 70% ethanol, 0.30 to 0.35 g of solid sample was rotated for 20 hours on a Labquake 
shaker rotisserie (Thermo Scientific, Dubuque, IA USA). Extraction was carried out in the 
absence of light achieved by covering the shaker. Extracted samples were then centrifuged 
for 10 min in a Clay Adams Compact II Centrifuge (Sparks, MD, USA). TPC method was 
carried out in 1 mL total volume. Briefly, 10 µL of sample was added to 790 µL of ultrapure 
water from a Barnstead E-pure set to 15 ohms (Los Angeles, CA, USA) in a 1.5 mL 
Eppendorf tube. After mixing sample with the water, 50 µL of Folin-Ciocalteu’s Phenol 
Reagent was added and the solution was mixed. After at least 30 seconds, 150 µL of sodium 
carbonate solution was added. Tubes were mixed and incubated at 40 °C for 30 minutes. 
Finally, 300 µL of each sample was transferred to a 96 well plate and absorbance was read 
at 765 nm in a Synergy 2 Multi-Mode Microplate Reader (BioTek®, Winooski, VT, US). 
A gallic acid standard curve, processed in parallel with samples, was used to determine 
TPC which was reported in gallic acid equivalents (GAE). 
 Statistical Analysis 
RStudio 1.3.1056 (Boston, MA, USA) was used for statistical analysis of all 
datasets. Shapiro-Wilks normality test was used to confirm normality on each dataset. 
Tukey HSD analysis was performed after normality confirmation to determine significant 
differences between treatments using package “agricolae”. 
 Results/Discussion 
 Mass Balance and Protein Content 
DPP is a protein-rich food ingredient containing ~56% protein, 29.9% fiber, 2.9% 
fat, and 3.3% starch on dry weight basis (Table 3.2). Figure 3.1 shows the protein titers of 
the solid (bars) and liquid (lines) fractions of DPP resulting from fermentation with 
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different microbes. As expected, the crude protein of DPP control (uninoculated DPP) did 
not change throughout the fermentation period, but there was slight increase in protein 
titers of liquid fractions indicating the protein solubilization due to agitation. Except for A. 
pullulans, protein titers of fermented solid fractions increased significantly with maximum 
of 69% with N. crassa treated samples. 








* All values are given in a dry basis formulation. Fiber provided by USDA ESCL Lab. All 
other proximate composition provided by AGT with initial product. 
Significant increases in supernatant protein over 120 hours were seen in A. niger, 
A. pullulans, and to a lesser degree with R. oligosporus, suggesting a solubilizing effect of 
the fungal metabolisms. No significant changes were observed in supernatant protein for 
other organism treatments. Each microbe has its unique metabolic process and produce 
different set of enzymes which determines the subsequent hydrolytic process. For example, 
cellulases derived from Trichoderma are usually deficient in β-glucosidase while N. crassa 
derived enzymes have high β-glucosidase activity, and A. pullulans enzymes are rich in 
xylanases, cellulases, hemi-cellulases, and proteases(Chi et al., 2007; Leite et al., 2007; 
Macris et al., 1989; Ohta et al., 2010; Wen et al., 2005).  
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Maximal protein solubilization as achieved with A. pullulans treated liquid fraction 
of DPP could be attributed to A. pullulans ability to produce multi-enzyme complex 
including proteases. Proteins results also suggested that fermentation duration of 72 hours 
are sufficient to achieve the maximal output.  
 
Figure 3.1: Protein percent in solids (bars) and supernatant (black line) with Tukey HSD 
analysis by organism by hour. A. Letters indicating significance cannot be compared 
between solids and supernatants or between organisms.  
Fermentation of DPP with different microbes led to the significant loss in total 
solids (4-18% loss depending on time point) (Table 3.3). The highest solid loss was seen 
with T. reesei with a loss of 18% solids. This loss in total solids can be attributed to fungal 
metabolization of carbohydrates and fiber into carbon dioxide (Tabacco, Righi, 
Quarantelli, & Borreani, 2011). This is further supported by the dietary fiber results where 
significant reduction in dietary fiber was found with the processed DPP as compared to 
raw DPP (Figure 3.2). 
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Table 3.3: Percent Total solids reduction with Tukey HSD analysis by hour for each 
organism. Values are the sum of the solids and supernatant mass at each time point. Letters 
are located as superscripts with corresponding values and cannot be compared between 
separate organisms. 
Organism 0 hr 24 hr 48 hr 72 hr 96 hr 120 hr 
Ct 1% a 5% a 5% a 2% a 5% a 8% a 
An 1% b -8% a 3% b 6% bc 11% cd 14% d 
Ao 0% a 4% b 8% c 9% cd 9% cd 11% d 
Ap 1% a 4% b 8% c 10% cd 11% d 15% e 
Nc 5% a 6% a 8% a 5% a 16% b 15% b 
Ro 1% a 3% a 7% b 9% b 8% b 7% b 
Tr 4% a 6% ab 10% b 9% ab 12% bc 18% c 
 
 Dietary Fiber 
Although dietary fiber is not as much of a concern in whole raw peas, the air 
classification process concentrates not only protein but fiber as well. This process results 
in a high fiber content as a contaminant in the protein that lowers the value and application 
in food markets. The unprocessed protein product is predominantly insoluble dietary fiber 
(IDF) but does have a small quantity of soluble dietary fiber (SDF) (Figure 3.2). SDF is 
significantly reduced in all treatments which can likely be attributed to the washing effect 
of processing with water. IDF was significantly lowered in all treatments when compared 
to the raw sample, with the highest reduction in IDF produced by A. niger and T. reesei by 
about half that of the raw material. These results indicate that through bioprocessing, fiber 
is degraded by organisms to varying degrees. 
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Figure 3.2: SDF and IDF data with Tukey HSD analysis on dry basis values (cannot be 
compared between IDF and SDF). Top. SDF data, which is absent in all samples except 
for the raw which has small quantities. Bottom. IDF data by organism. 
* Up = Unprocessed, Ctrl = uninoculated control, An = A. niger, Ao = A, oryzae, Ap = A. 
pullulans, Nc = N. crassa, Ro = R. oligosporus, Tr = T. reesei 
 Saponins 
Saponins are often associated with the off flavors of pea proteins, usually attributed 
to product bitterness. Total saponin is sum of soyasaponin- βg, βa, ag, I, and V, where 
soyasaponin I was predominant type present in the DPP (Figure 3.3). Fermentation with 
different microbes resulted in the accumulation of total saponin content in DPP apart from 
T. reesei treated samples. Since the total for the raw material is less than that of any other 
treatment, this suggests that saponins are being produced or concentrated during 
processing. However, these microbes are not known to produce saponins. This fact leads 
to the conclusion that the increase can be attributed to a release of saponins from the plant 
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matrix in DPP. It is predicted that fermentation with microbes likely changed the fiber and 
protein matrix which may have improved the saponin extractability resulting in a higher 
level of saponin content than raw and control samples.  
 
Figure 3.3: Total saponin content at 120 hours, (sum of 5 major types of saponins in pulse 
crops measured by organism, each type also represented individually). Letters indicate the 
results from Tukey HSD analysis and cannot be compared between type of saponin. Up 
indicates unprocessed (raw) meal. 
 Interactions 
When considering data from fiber, protein, and saponins, patterns begin to emerge. 
When a 3D model is constructed and a plane is fit to the data, there appears to be a trend 
linking saponin content to both total dietary fiber (TDF) and supernatant protein content 
(Figure 3.4). This model provides a multiple R2 value of 0.8327. We believe that in a 
biological system, this is an indication of possible association. To explain this 
phenomenon, we must consider the metabolism of each organism in conjunction with the 
media matrix. 
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Figure 3.4: In this 3D model TDF is the x variable, Supernatant protein % is the y variable, 
and saponin content is the z variable. This model assumes that z is the dependent variable, 
and x and y are the independent variables. A plane of best fit was generated (gray shaded 
area) having a z intercept of -1.04, and slopes in the x and y directions of 5.5 and 3.2 
respectively. The multiple R2 value of this plane is 0.8327. Raw meal is graphed separately 
and not included in the plane calculation. Line segments indicate how far a point is above 
(green) or below (red) the plane.  
During air classification fiber is collected as a contaminant in the DPP. This fact 
likely indicates that the fiber is binding cellular components together. When we use fungi 
to process DPP we have seen both a solubilization of protein and a decrease in fiber content. 
These changes would indicate a change in media matrix structure. We believe that the 
increase in saponin content is not simply an increase in quantity, but rather an increase in 
extractability. As the media matrix is broken down, measurable/extractible saponin content 
increases. However, this model will need further consideration. Due to a limited 
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availability of sample for analysis, this model was constructed with limited datapoints. 
Further analysis will allow expansion of this model in future studies. 
 Total Phenolic Content 
Fermentation with A. pullulans and A. niger resulted in a significant increase in TPC above 
the control and raw samples with an average of about 9 and 14 mg GAE per gram of 
fermented material, respectively (Figure 3.5). The other 4 organisms yielded similar 
maximum TPC measurements of 5-6 mg GAE per gram of fermented material which was 
significantly higher than the raw and control. This clear distinction between A. niger, A. 
pullulans and other organisms indicate that TPC can be increased with fungal fermentation, 
but all organisms are not capable of these alterations. With protein data also indicating that 
A. pullulans and A. niger solubilize proteins more than other organisms tested, we 
hypothesize that this solubilization may be correlated with an increased TPC. Others have 
shown that Aspergillus species, especially A. niger are capable of increasing TPC in wheat 
bran, peas, and canola meal by releasing phenolic acids (Bigdelian, Labbafi, Safari, Rezaei, 
& Hadi Razavi, 2020; Kumitch et al., 2020; Yin et al., 2018). There are also reports of A. 
pullulans increasing the TPC of submerged substrates (Jakovljević, 2021). By solubilizing 
protein, these organisms release phenolic components from the plant matrix, thus 
increasing TPC. The TPC assay is known to react with non-phenolic components such as 
proteins and carbohydrates (Everette et al., 2010). Thus, this assay may be an over 
estimation of phenolic content.  Further quantification, and measurement of antioxidant 
activity is necessary to further elucidate the mechanism these organisms use to increase 
TPC. 
Chapter 3 | 77 
 
Figure 3.5: A. TPC data for 0, and 72-120 hours of fermentation by organism. Levels of 
significance cannot be compared between organisms. B. TPC data for 120 hours of 
fermentation by organism. Levels of significance are comparing organism treatments. All 
values are reported as mg of GAE per gram of fermented DPP. Up indicates unprocessed 
(raw) meal. 
 Conclusions 
Fungal fermentation can increase protein content and solubility, alter saponin 
profile, increase TPC in DPP, however, these effects vary with organism selection. These 
findings indicate that fungal fermentation has the potential to improve the quality of dry 
processed pea proteins for use in food and feed. Organisms can be specifically selected, for 
mono- or co-culture fermentation of DPP depending on the goals for the fermented product. 
The changes in protein content and mass recovery may also indicate an improvement in 
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extractability of DPP post fermentation, thus solving one of the challenges posed by pea 
proteins. In CHAPTER 5 we study this effect based on the data presented here. 
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CHAPTER 4. DEHULLED PEAS: INCREASING VALUE 
THROUGH FUNGAL BIOPROCESSING 
 Abstract: 
With their numerous applications in food, yellow peas are growing in popularity as 
an ingredient in many foods and food products. However, due to their high content of starch 
and fiber, their integration in food products is limited. The pea meal components starch 
and fiber cause gelling and aggregation when cooked, which make processing difficult and 
alter the nutritional profile. In addition, peas contain a secondary metabolite class of 
compounds known as saponins, which are produced and accumulated by legumes and 
modulated by environmental stressors. Saponins contribute to bitter flavors in peas and pea 
products however they also have potential anti-tumor activity. We hypothesize that fungal 
fermentation may alter and improve the composition and quality of protein in yellow peas, 
thus improving their integration in food products. The objective of this study was to 
determine the effects of 6 fungal organisms in the fermentation of dehulled peas for 120 
hours. The fermented product was assessed for total phenolic, starch, saponin, and crude 
protein content as well as overall mass balance. Results showed significant increases in 
overall protein content and solubility, reduced the overall mass recovery, and resulted in 
substantial decreases in starch content. Total phenolics and saponin content also increased 
with fermentation. These findings point to fungal fermentation as a tool for adding value 
to yellow peas and other crops facing processing similar challenges.  
 Introduction 
With global populations projected to reach 10 billion by 2060 (UN, 2019), there is 
a clear need to feed more people with less resources. Health and environmentally conscious 
consumers are also propelling changes to the types of foods in this market. Plant-based 
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proteins, such as those from the bean legumes, are a key resource in response to consumer 
requests and a renewable resource for helping to meet increasing food demand. Despite 
their environmental benefits, soy products do have drawbacks including high allergenicity 
and phytoestrogen content (Lumina-Intelligence, 2020). With far fewer known allergens, 
their high protein content, beneficial phytochemicals, and environmental benefits, yellow 
peas have great potential for similar applications in food (J. Boye et al., 2010; Higdon & 
Drake, 2007; Jiang et al., 2010). However, peas do have challenges that hinder their 
success. Because of their high starch content, gelling during thermal processing is a barrier 
to pea markets. In addition, high saponin content in peas contributes to bitter flavors that 
are off-putting to consumers (Price et al., 1987; K. R. Price, N. M. Griffiths, C. L. Curl, & 
G. R. Fenwick, 1985; Roland et al., 2017). 
There are many potential solutions to dealing with the challenges of improving the 
processing and use of dry peas as a source of protein. Fungal fermentation has the potential 
to provide solutions to many of the problems in one process. With its applications in a 
variety of oil seeds, cereal grains, and industrial grain by-products, fermentation can 
provide key value-added processing in peas as well (Abd El-Fattah et al., 2017; Kumitch 
et al., 2020; Roland et al., 2017). Fungal fermentation generally improves both protein 
concentration and quality, reduces carbohydrate content, degrades, or eliminates 
antinutritional factors (ANFs), can positively alter the TPC, and can improve measurable 
antioxidant activity (Abd El-Fattah et al., 2017; Babini et al., 2017; Baldwin et al., 2019; 
Croat et al., 2016; Pensupa et al., 2013; Sanjukta & Rai, 2016; Simon et al., 2017; Zahler 
et al., 2018). We believe these benefits, specifically the reduction of carbohydrates, and 
ANFs, will improve raw pea meals and add to their value in processed food applications. 
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In this study we (1) evaluated the conditions for the use of submerged fungal 
fermentation on dehulled peas (DHP) over 120 hours of fermentation, (2) assessed the 
levels of crude protein-, starch-, saponin-, and TPC of DHP in response to fermentation. 
The fungal species evaluated in this fermentation study were selected due to their status as 
generally recognized as safe (GRAS) organisms used in food processing and preparation, 
as well as their successful use in other food preparation processes (Abd El-Fattah et al., 
2017; Babini et al., 2017; Baldwin et al., 2019; Croat et al., 2016; Pensupa et al., 2013; 
Sanjukta & Rai, 2016; Simon et al., 2017; Zahler et al., 2018). 
 Materials and Methods  
 Fungal Organisms 
Organisms (Table 4.1) were obtained from the USDA ARS microbial collection 
(Peoria, IL, USA). Cultures were plated on potato dextrose agar (PDA) plates and kept at 
4°C for short term organism storage.  
Table 4.1: Organisms used. Abbreviation, NRRL number and optimal pH foreach culture 
are listed for each organism. 
Organism Abbreviation NRRL# pH 
Aspergillus niger A. niger (An) 334 5 
Aspergillus oryzae A. oryzae (Ao) 5590 5 
Aureobasidium pullulans A. pullulans (Ap) Y-2311-1 3 
Neurospora crassa N. crassa (Nc) 2332 5 
Rhizopus microspores var. oligosporus R. oligosporus (Ro) 2710 4.5 
Trichoderma reesei T. reesei (Tr) 3653 5 
Uninoculated Control Control (Ct) - 5 
 Media and Reagents 
AGT Foods (Fargo, ND, USA) provided dehulled peas for the project in January 
2020. Sulfuric acid was used to adjust pH of media (10 N), (Fisher Scientific, Waltham, 
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MA, US). Antifoam [Struktol J 673A (Schill+Seilacher Struktol, Hamburg, Germany)] was 
used to prevent foaming during autoclave cycle and processing of media. Reagent grade 
calcium carbonate, ethanol, and gallic acid were purchased from Fisher Scientific 
(Waltham, MA, US). Folin-Ciocalteu’s phenol reagent was acquired from Sigma Aldrich 
Corporation (St. Louis, MO, USA). 
 Fungal Fermentation 
From a stock PDA plate, scrapings of filamentous mold species growth, mold 
species spores, or single yeast species colonies were transferred into a 250 mL Erlenmeyer 
flask containing 100 mL of Glucose Yeast Extract media (GYE) (50 g/L glucose and 5 g/L 
yeast extract). Each flask was then incubated for 48 hours in an Excella E25 orbital shaker 
(New Brunswick Scientific, Enfield, CT) at 30 °C and 150 RPM. 
Erlenmeyer flasks (500 mL) at 300 mL working volume, were used for submerged 
fermentation studies. DHP was milled to 0.5 mm particle size with a knife mill (Retsch; 
Haan, Germany) and moisture content was determined from final meal. Flasks were 
prepared 15 g of DHP by dry basis (5% solid loading rate (SLR)). Final volume was 
reached by adding deionized water to reach 300 mL Typically 10% SLR was used for 
submerged fermentation, however due to high starch content gel formation caused media 
to completely solidify at 10% SLR. The pH for each flask was adjusted to the appropriate 
pH according to organism requirements (Table 4.1) using 10 N sulfuric acid Fisher 
Scientific (Waltham, MA, US). Flasks were sealed with foam stoppers and aluminum foil. 
Flasks were subsequently autoclaved for 20 minutes at 121 °C. After cooling, each flask 
was inoculated with 3 mL of inoculum (1% of working volume) as described above. 
 Sampling and Post Processing 
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Sampling was carried out in triplicate every 24 hours starting at 0 hours and 
continuing to 120 hours of fermentation. Each sample flask was centrifuged at 10,000 g for 
10 minutes and the solids were separated from the supernatant. Solid and liquid fractions 
were then dried at 80 °C until constant weight (24-48 hours). 
 Analytical Procedures 
 Moisture 
For each dried sample, moisture was determined as described by the American 
Association for Cereal Chemistry (AACC). Briefly, about 1 g of sample was dried at 80 
°C for 24 hours (AACC, 2010a). Mass before and after drying was used to calculate 
moisture percent. 
 Crude Protein 
Determination of crude protein was completed using LECO model FP528 (St. 
Joseph, MI, USA). Briefly, 0.2500 g ± 0.0099 g was combusted, and the nitrogen was 
measured. A conversion factor of 6.25 was used to convert the nitrogen content to crude 
protein percent. The protein content by dry basis was then calculated using the moisture as 
determined above. 
 Saponins 
The different forms of saponins are individually determined, based in standards and 
analysis previously reported from this laboratory and are similar to other published 
analytical methods (AACC, 2010b; Berhow et al., 2006; Fenwick & Oakenfull, 1983; 
Megazyme, 2017; Shawky & Sallam, 2017). 
4.3.5.3.1. HPLC for Saponin Quantification 
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Defatted samples (typically 0.25 grams) were extracted with 3 mL of dimethyl 
sulfoxide-methanol (1:1). The vials were capped, wrapped with sealing tape, and sonicated 
in a sonic water bath for 35 minutes, then allowed to stand overnight at room temperature. 
An aliquot was removed and filtered through a 0.45 µM nylon 66 filter for HPLC analysis. 
HPLC analysis was conducted on a Shimadzu LC-20 HPLC system (LC-20AT quaternary 
pump, DGU-20A5 degasser, SIL-20A HT autosampler, and an SPD M20A photodiode 
array detector, running under Shimadzu LC Solutions version 1.22 chromatography 
software, Columbia, MD, USA). The column was an Inertsil ODS-3 reverse phase C-18 
column (5 µM, 250 mm x 4.6 mm) from GL Sciences (Torrance, CA). The initial 
conditions were 30% acetonitrile and 70% water with 0.025% trifluoracetic acid, at a flow 
rate of 1 ml per minute. The effluent was monitored at 210 nm on the diode array detector. 
After injection of 25 µL of sample, the column was developed to 40% acetonitrile and 
0.025% trifluoracetic in a linear gradient over 40 minutes. Standard curves based on 
nanomoles injected were prepared from commercially obtained standards or standards 
prepared in this laboratory. 
4.3.5.3.2. LC-ESI-MS for Compound Confirmation 
Samples were run on an Thermo Electron LTQ Orbitrap Discovery Mass 
Spectrometer -- a linear ion trap (LTQ XL) MS, coupled to a high-precision electrostatic 
ion trap (Orbitrap) MS with a high energy collision (HCD) cell. The system used an Ion 
Max electrospray ionization (ESI) source and was coupled to a Thermo Scientific 
ACCELA series HPLC system (ACCELA 1250 UHPLC pump, ACCELA1 HTC cool 
stack autoinjector, and a ACCELA 80 Hz PDA detector). All components were running 
under Thermo Scientific Xcalibur 2.1.0.1140 LC-MS software. The MS was typically 
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calibrated at least monthly with a standard calibration mixture recommended by Thermo 
Scientific and the signal detection optimized by running the autotune software feature as 
needed. The MS was run with the ESI probe in the negative mode. The MS conditions for 
these runs were: source inlet temperature was 300 ˚C; the sheath gas rate was 50 arbitrary 
units, the auxiliary gas rate was 5 arbitrary units; the sweep gas rate was 2 arbitrary units; 
the spray voltage was 3.0 kV; and the tube lens setting was -100 V. Other parameters are 
determined and set by the calibration and tuning process. The column used was an Inertsil 
ODS-3 reverse phase C-18 column (3 µ, 150 x 3 mm from GL Sciences, Torrance, CA. 
The initial conditions were 30% acetonitrile and 70% water with 0.1% formic acid, at a 
flow rate of 0.25 ml per minute. After injection of 5 µL of sample, the column was 
developed to 40% acetonitrile and 0.1% formic acid in a linear gradient over 40 minutes. 
The software package was set to collect mass data between 100-2000 AMUs. Generally, 
the most significant sample ions generated under these conditions were [M-1]- and 
[M+HCOO]-. For the evaluation of Xcalibur accurate mass data by the Cerno BioScience 
LLC MassWorks 5.0.0.0 software (Las Vegas, NV) the FTMS was set to collect spectra at 
a resolution of 7500 and a range of m/z of 100 to 2000 and then were evaluated by sCLIPS 
(self-Calibrating Line-shape Isotope Profile Search) which enhances formula ID accuracy. 
 Total Phenolic Content 
A protocol adapted from the Waterhouse Lab was used to determine total phenolic 
content (TPC) (Waterhouse, 2001). Prior to TPC determination, 0.3 to 0.35 g of sample 
was extracted in 5 mL of 70% ethanol. Extraction was carried out overnight at room 
temperature in a dark environment. A Labquake shaker rotisserie (Thermo Scientific, 
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Dubuque, IA USA) was used to ensure even extraction. Each sample was then centrifuged 
for 10 min in a Clay Adams Compact II Centrifuge (Sparks, MD, USA).  
TPC method was carried out on extracted samples using 1 mL total volume. Briefly, 
790 µL of ultrapure water from a Barnstead E-pure set to 15 ohms (Los Angeles, CA, USA) 
was pipetted into a micro centrifuge tube followed by 10 µL of sample extract. After 
mixing, 50 µL of Folin-Ciocalteu’s Phenol Reagent was added. After mixing again and 
waiting at least 30 seconds, 150 µL of sodium carbonate solution was added. The contents 
were mixed by inverting the tubes. Samples were then incubated for 30 min in a water bath 
set to 40 °C. Finally, 300 µL of each sample was transferred to a 96 well plate and 
absorbance was read at 765 nm in a Synergy 2 Multi-Mode Microplate Reader (BioTek®, 
Winooski, VT, US). A standard curve of gallic acid, processed in parallel with extracted 
samples, was used to determine TPC. TPC is reported as gallic acid equivalents (GAE). 
 Starch Analysis 
Starch analysis was completed according to AOAC 996.11 with modifications. This 
analysis was performed by Midwest Laboratories (Omaha, NE). 
 Statistical Analysis 
Statistical analysis was carried out using RStudio 1.3.1056 (Boston, MA, USA). To 
confirm normality a Shapiro-Wilks normality test was used. After confirmation of 
normality, ANOVA was used to determine significance of samples. If data was significant, 
Tukey HSD analysis was performed to determine significant differences between 
treatments using package “agricolae”. 
 Results/Discussion 
 Mass Balance and Protein Content 
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Dehulled peas are an energy dense material with 21-25% protein, 19-21% dietary 
fiber, and 38-43% starch (Igbasan et al., 1997). The resulting protein titers after 
fermentation of this material with different microbes can be seen in Figure 4.1 with the 
bars representing the solids and the lines representing the liquid fraction. The protein titer 
in the solids fraction of the negative control did not significantly change. However, the 
protein in the liquid fraction decreased, which may be attributed to aggregation of protein 
with fiber and starch components during extended heating. In addition, N. crassa did not 
significantly change the solids protein titer in DHP but did significantly increase the protein 
titer in the liquids. This increase in protein titer is likely an indication of solubilization due 
to fungal metabolism. Looking at A. niger, A. oryzae, R. oligosporus, and T. reesei, these 
organisms have significantly higher protein titers in the solids fraction compared to the raw 
and control samples with final concentrations as high as ~ 50%. All these organisms also 
significantly have higher protein titers in the liquids over 120 hours compared to the raw 
and control. As both fractions are increasing, rather than seeing a transfer of mass from one 
fraction to the other, this may be an indication of carbohydrate hydrolysis (especially 
starch) which will be discussed in later sections. However, this increase in liquid protein 
titers is also likely an indication of protein solubilization. In all four of these organisms, 
except A. niger, the maximum benefit regarding protein concentration in solids is seen by 
48 hours, where A. niger is just starting to level out around 96 hours. Extended fermentation 
duration (120 hours) was found to be effective in solubilizing the matrix proteins 
irrespective of microbe used. This may positively influence the protein extractability 
during traditional alkaline extraction process followed by acid precipitation. However, 
longer fermentation periods may adversely affect the protein yields due to the potential loss 
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of highly soluble proteins during acid precipitation at isoelectric pH. Thus, protein 
solubilization and concentration in the solids must be balanced for optimal effect.  
A. pullulans initially has a higher protein concentration likely due to processing pH 
of 3 precipitating protein prior to fermentation. Despite this, the solid fraction of A. 
pullulans treated DHP showed a significant decrease in protein titers up until 72 hours of 
fermentation and plateaued afterwards. Simultaneously, protein titer of liquid fraction 
showed an upward trend, indicating substantial protein solubilization.  
 
Figure 4.1: Protein content data for both solids (Bars), and liquids (Lines). Both solid (red 
letters) and liquid (black letters) fractions include Tukey HSD analysis that cannot be 
compared between fractions or organisms. 
Mass balance calculations can be seen in Table 4.2 reflected as a percent loss of 
starting material. The percent loss for the control samples ranges from 10 to 15%. This 
reduced recovery is likely due to the increased viscosity caused by autoclaving of the 
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starchy material. The filamentous organisms have significant mass loss ranging from 46 to 
60% with A. oryzae having the highest loss. This high loss of material can, in part, be 
explained by the increase in protein titers in both solids and liquids compared to raw and 
control samples. Since the protein concentration is higher, this low mass recovery is not 
necessarily a concern, rather it is an indication of high levels of endogenous fungal 
metabolism. For these filamentous fungi, 24 - 48 hours of fermentation are where they 
begin to substantially decrease mass recovery. Fermentation with A. pullulans, for example, 
resulted in the greatest mass loss at 120 hours of fermentation, with 31% of the starting 
material being unrecoverable. Taking into consideration the protein concentrations, mass 
was transferred from solids to liquids. Thus, less mass overall is lost during fermentation 
with yeast compared to fermentation with filamentous species, indicating that we are 
processing less sugars to be released as CO2. 
Table 4.2: Total mass loss as an average of 3 biological replicates. Tukey HSD analysis is 
represented to the right of each value and cannot be compared between organisms. 
Organism 0 hr. 24 hr. 48 hr. 72 hr. 96 hr. 120 hr. 
Ct 10% a 15% d 14% cd 12% bc 12% bc 12% b 
An 10% a 10% a 16% ab 21% b 37% c 41% c 
Ao 11% a 17% b 40% c 59% d 60% d 60% d 
Ap 9% a 13% ab 18% b 24% c 30% d 31% d 
Nc 12% a 15% a 41% bc 38% b 44% bc 50% c 
Ro 8% a 19% b 28% c 45% d 52% d 51% d 
Tr 11% a 16% b 27% c 38% d 41% de 46% e 
 Starch Content 
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Figure 4.2: Starch content analyzed in raw, 0 hour and 120 hour fermented samples in the 
solid fractions. Values are the averaged result of 2, randomly selected, biological replicates 
measured in duplicate. Tukey HSD analysis, listed as letters above each bar, can be 
compared across all samples. 
With starch being such a large component of dehulled peas, it is the source of 
processing challenges especially when cooking is involved. Unprocessed meal had a starch 
content of about 46%, which increased in the control at 0 and 120 hours (Figure 4.2). This 
increase is likely due to a washing effect from processing. Except for N. crassa, the 
filamentous organisms reduced the starch content to less than 5% by 120 hours of 
fermentation. This is likely why we are seeing such a large reduction in mass recovery. A. 
pullulans, and N. crassa do not reduce the starch as drastically as the other organisms, 
however they do reduce the starch content about by 20 and 26%, respectively. These 
organisms are known to produce starch hydrolyzing enzymes, however the stability of 
these enzymes can be different based on the processing and fermentation conditions 
(Bhanja Dey & Banerjee, 2015; Chávez et al., 2004; Freitas, Escaramboni, Carvalho, Lima, 
& Oliva-Neto, 2014; Jin, Van Leeuwen, Patel, & Yu, 1998; Koh-Luar et al., 1989; Kundu 
Chapter 4 | 91 
& Das, 1970; Timothy D. Leathers, 1993; H. Li et al., 2007; Murthy, Madhava Naidu, & 
Srinivas, 2009; Okolo, Ezeogu, & Mba, 1995; Omemu, Akpan, Bankole, & Teniola, 2005). 
The differential in starch hydrolysis we are seeing in this case, is likely due to a difference 
in enzymatic expression for each organism based on fermentation conditions.  
 Saponins 
The most common soyasaponins found in peas are similar to those found in 
soybeans. Although the types of saponins in peas are not as complex as soybeans, with 
peas only containing the “B-group” saponins. In the unprocessed starting material, the 
predominant saponin is soyasaponin βg (Figure 4.3). However, in the processed control, 
the predominant saponin is soyasaponin I. Structurally these two types are very similar, 
with the structural difference being the addition of a 2,3-dihydro-2,5-dihydroxy-6-methyl-
4-pyran-4-one sugar group (DDMP), added to one of the free hydroxy groups on 
soyasaponin I to form soyasaponin βg (Kudou, Tonomura, Tsukamoto, Uchida, 
Yoshikoshi, et al., 1993; Singh et al., 2017). The DMPP group is known to be unstable 
during extraction and processing and is often cleaved from the naturally occurring 
saponins. βg saponin can be converted to type I during autoclaving, we observe that this 
DDMP group is being cleaved with processing and fermentation. All fermentation 
organisms used increased the saponin concentration of processed DHP. The predominant 
saponin is soyasaponin I in all fermentations except A. niger, where soyasaponin βg 
remained the most prevalent type. The higher saponin concentrations were not expected 
since it has been reported that cooking, soaking, and fermentation can reduce the saponin 
content (Bishnoi & Khetarpaul, 1994; Bowyer, Clarke, Lunness, Daniels, & Osbourn, 
1995; Osbourn, Bowyer, Lunness, Clarke, & Daniels, 1995; Rao & Gurfinkel, 2000; Ruiz-
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Rubio et al., 2001). Since, saponins impart bitter flavor, an increase in saponin content may 
be viewed as a less desirable affect (K. Price et al., 1985). Further studies are needed to 
assess the bitterness of fermented material in correlation to saponin content.  
 
Figure 4.3: Saponin content data for common Soyasaponins I, V, βg, and αg. Each value 
is the average of 2, randomly selected, biological replicates with duplicate analysis of 
saponins. Tukey HSD analysis is listed for the sum of the bars and cannot be compared 
between organisms.  
We believe that the increased saponin content can be explained by endogenous 
fungal metabolism and the substrate matrix. During autoclaving, the cellular matrix is 
likely aggregating because of the high fiber content. This aggregation, along with binding 
protein and fiber together also binds other cellular components. Since saponins are known 
to associate with hydrophobic regions of proteins, the aggregation could cause interaction 
between saponins and proteins into the altered matrix and make them difficult to extract 
(Price et al., 1987; Roland et al., 2017). As fermentation times increase, the higher saponin 
content indicates that the organisms are is breaking down the aggregates formed during 
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autoclaving, thus freeing more saponins as seen in the analysis. The fungal organisms may 
degrade saponins, however it appears that they are releasing more saponins from the matrix 
faster than they are degrade them. To fully explain the correlation between fungal 
fermentation and saponin content, further research is necessary.  
 Total Phenolic Content 
The unprocessed DHP and control samples at 120 hours of fermentation have 
roughly equivalent TPCs (Figure 4.4). A. niger, A. oryzae, and N. crassa increase TPC 
over the control and raw throughout the 120 hour fermentation. The TPC values during 
formation with A. pullulans, R. oligosporus, and T. reesei peak at 72, 24, and 24 hours, 
respectively, before slowly decreasing through 120 hours. These two different behaviors 
may be an indication of how metabolic products change over the course of fermentation. 
In the case of the TPC decreasing over time, products initially produced may be later 
consumed. 
Comparing TPC levels across all organisms at 120 hours of fermentation results in 
different concentration patterns. A. niger produced the largest TPC with just over 20 mg 
GAE/g meal, followed by N. crassa with about 15 mg GAE/g meal. Next is A. oryzae and 
A. pullulans with approximately 11 mg GAE/g meal. With the lowest TPC of the fermented 
samples, we have R. oligosporus and T. reesei. Some fungal organisms are reported to 
increase TPC in various substrates, these organisms include Aspergillus species, like 
oryzae and niger, neurospora species, and Aureobasidium pullulans (Bhanja Dey, 
Chakraborty, Jain, Sharma, & Kuhad, 2016; Bigdelian et al., 2020; Jakovljević, 2021; 
Kaur, Chakraborty, Kaur, & Kaur, 2013; Kumitch et al., 2020; Yin et al., 2018). We purport 
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that due to different metabolic rates, and enzymatic profiles, there are significant 
differences in the changes to TPC, both in rate and in magnitude. 
 
Figure 4.4: TPC data represented as the average of 3 biological replicates with 2 technical 
replicates each. Tukey HSD analysis is listed above each bar. A. Data for all timepoints 
samples. Tukey HSD cannot be compared between organisms. B. Data for only 120 hours 
compared to the unprocessed meal. Tukey HSD analysis can be compared across all 
organisms. 
 Conclusions 
Fungal fermentation has the potential to address some of the challenges in 
processing peas for use as food ingredients. Fungal fermentation produces significant 
decreases in starch, which may improve the use of processed peas a protein ingredient in 
food. Fermentation with filamentous fungi also has the potential to increase protein content 
and solubility in processed peas. Finally, fermentation increases phenolic and saponin 
levels which may contribute towards increased antioxidant levels and enhanced 
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bioactivities of these nutritional components. Both increased TPC and increased saponins 
need to be further studied to understand their impacts to health, flavor, and product value. 
Overall, fungal fermentation has the potential to improve processing conditions and protein 
quality in DHP.
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CHAPTER 5. EXPLORING THE EFFECTS OF DRYING AND 
ANTIMICROBIAL METHODS ON FUNGAL BIOPROCESSED 
PEA PROTEIN DURING ALKALINE EXTRACTIONS 
 Abstract: 
As plant proteins are becoming more popular, processors are turning to new crops 
as sources of proteins. Foods that are traditionally animal-based products are being 
developed to contain only plant products and proteins that mimic the animal-based 
experience. Because peas contain a balanced amino acid profile, and beneficial 
phytochemicals and nutrients, they are a viable source of proteins for these plant-based 
products. However, high content of starch and fiber limit the processing options for pea 
proteins. Traditional protein extraction methods like alkaline extraction and isoelectric 
precipitation are commonly used to collect these proteins. But, for peas, this method results 
in up to 20% contaminating components in the protein isolate. We believe that fungal 
fermentation can improve the extractability, solubility, and protein content of pea proteins. 
In this study, we assess the impact of fermentation time, drying method post fermentation, 
and antimicrobial technique on protein yield, extraction yield, and protein content during 
alkaline extraction and isoelectric precipitation. Results indicate that chemical 
antimicrobials are superior to autoclaving due to protein aggregation and loss during 
heating. In addition, fungal fermentation has a significant solubilizing effect on pea 
proteins. During extraction, this solubilization increases the protein content in the soluble 
fraction rather than the protein isolate. These results indicate that fungal fermentation has 
the potential to benefit extraction of pea proteins in both efficiency and value of final 
product. 
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 Introduction 
With growing interest in plant-based proteins, crops such as peas and other pulse 
crops or cereal grains are being considered in ways they have never been before. Although 
foods rich in plant proteins like tofu and tempeh are centuries old concepts, consumers are 
now looking to plant proteins to mimic the textures, flavors, and sensory aspects of animal-
based proteins. Products like yogurt, cheese, and various meats traditionally made with 
animal-based products are now viewed from a new lens. Consumers want the experience 
of enjoying these animal-based products while eating plants. 
Peas are rapidly growing in popularity because of their high, balanced protein 
content, are not one of the big eight allergens, low fat content, and nutritionally relevant 
vitamins and minerals (J. Boye et al., 2010; Higdon & Drake, 2007; Jiang et al., 2010). De-
hulled peas (DHP) contain on average, 23% protein, 20% fiber, and 41% starch (Igbasan 
et al., 1997). This high starch content becomes a problem during high heat processing. 
When combined with water and heat, starch granules swell and absorb the water around 
them causing gelatinization (Belitz, 2004; Guo et al., 2017; Hoover & Ratnayake, 2002). 
This gelatinization increases the viscosity, making processing difficult. Thus, in order to 
integrate peas and their proteins in food markets, and consumer products these challenges 
need to be addressed. 
To mimic animal-based eating experiences with plants, researchers are exploring 
the functional properties of plant proteins. However, these plant proteins are not as easily 
obtained as their animal-based counterparts. Plant proteins are incorporated with other 
major components of plant tissue such as sugars, starch, fiber, and others. The proteins then 
must be separated from these other components through one of several extraction 
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techniques. The most common method of protein extraction is alkaline extraction coupled 
with isoelectric precipitation (AEIP). This method relies on solubility of cellular 
components at different pH values to isolate and collect the protein (J. Boye et al., 2010; 
Lam et al., 2018). For peas his method yields 80-94% protein concentration in the final 
product thus making it a very efficient method of acquiring proteins (J. Boye et al., 2010; 
Hoang, 2012). However, due to large shifts in pH, the final protein functionality may be 
altered (Hoang, 2012). Researchers have shown that a less alkaline pH preserves more of 
the native functionality, however the cost is a lower protein yield (J. I. Boye et al., 2010; 
Cui et al., 2020; Hansen, 2020).  
An alternative to AEIP is a dry method of fractionation called air-classification 
(AC). This method also relies on differential physical properties to separate milled grains. 
Peas are one crop that AC has been applied to with limited success. Peas have large starch 
granules surrounded by a matrix of protein and fiber (Schutyser et al., 2015). Since the 
fiber and protein are so closely bound, this method concentrates proteins, along with fiber, 
thus causing undesirable fiber contamination. The final product from air classified peas 
(i.e., dry-processed pea proteins (DPP)), is about 50% protein and 30% fiber, where they 
both start out at about 23% and 20%, respectively (Igbasan et al., 1997). Because of this 
high fiber contamination, the applications of AC pea proteins are limited. 
We believe that fungal fermentation of DHP and DPP may positively impact 
extractability, solubility, and protein concentration in isolates during AEIP. In this study 
we aim to assess the effect of processing techniques/conditions on the AEIP of pea proteins 
from both DPP and DHP. Our objectives are as follows: (1) assess the effect of 
fermentation time on protein yield, extraction yield and protein content during AEIP using 
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3 organisms previously shown to alter protein in DPP (Massmann, Berhow, Gibbons, & 
Karki, In Review-b), (2) determine the effect of post fermentation drying method, protein 
yield, extraction yield and protein content during AEIP, (3) compare autoclave sterilization 
and penicillin antimicrobial techniques for their effects on protein yield, extraction yield 
and protein content during AEIP. All organisms used are generally recognized as safe 
(GRAS), and have improved the value of other crops and grains (Abd El-Fattah et al., 2017; 
Babini et al., 2017; Baldwin et al., 2019; Croat et al., 2016; Pensupa et al., 2013; Sanjukta 
& Rai, 2016; Simon et al., 2017; Zahler et al., 2018). 
 Materials and Methods  
 Fungal Organisms 
Fungal cultures (Table 5.1) were obtained from the USDA ARS database (Peoria, 
IL, USA). Short term storage of each culture was plated on potato dextrose agar (PDA) and 
kept at 4 °C.  
Table 5.1: Organisms used for fermentations. Abbreviation, NRRL number and optimal 
pH for each organism. 
Organism Abbreviation NRRL# pH 
Aspergillus niger A. niger (An) 334 5 
Aureobasidium pullulans A. pullulans (Ap) Y-2311-1 3 
Trichoderma reesei T. reesei (Tr) 3653 5 
Uninoculated Control Control (Ct) - 5 
 
 Media and Reagents 
Air classified pea protein and dehulled peas were obtained from AGT Foods 
(Bismarck, ND, USA). Sulfuric Acid (10 N) from Fisher Scientific (Waltham, MA, US) 
was used to adjust pH of media. Struktol J 673A (Hamburg, Germany) was used to prevent 
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foaming during autoclaving of media. Industrial grade penicillin was used as an alternative 
microbial control agent for autoclave. 
SDS-PAGE chemicals used are as follows: 10x tris/Glycine/SDS Buffer, 2x 
Laemmli Sample Buffer, Precision Plus Protein™ All Blue Prestained Protein Standards 
and 12% Mini-PROTEAN TGX Precast Gels from BIO-RAD (Hercules, California). Other 
chemicals also include β-mercaptoethanol, glacial acetic acid, and 70% isopropanol Fisher 
Scientific (Waltham, MA, US). Methanol, Coomassie blue R-250,  
 Fungal Fermentation and Sampling 
To prepare and inoculum mold spores, mold filaments, or yeast colonies from stock 
plates were transferred into a 250 mL Erlenmeyer flask containing 100 mL Glucose Yeast 
Extract media (GYE). GYE was prepared with 50 g/L glucose and 5 g/L yeast extract. An 
Excella E25 orbital shaker (New Brunswick Scientific, Enfield, CT) was then used to 
incubate flasks for 48 hours at 30 °C and 150 RPM. 
Submerged fermentation in 500 mL Erlenmeyer flasks was carried out. Thirty 
grams of DPP was added to each flask by dry basis (10% solid loading rate) and the volume 
was brought to 300 mL. The pH of the contents was adjusted to the appropriate level for 
the intended organism (Table 5.1) using 10 N sulfuric acid, and 0.2 mL of antifoam was 
added. Flasks were closed with foam stoppers and sealed with aluminum foil. Finally, 
flasks were sterilized by one of two methods: autoclave or penicillin. Penicillin was dosed 
at 3 ppm. For autoclave sterilization, flasks were autoclaved at 121 °C for 20 minutes. 
Penicillin treated flasks were immediately inoculated with 3 mL of inoculum (1%). 
Autoclaved flasks and contents were cooled to room temperature and likewise inoculated 
at 1% of the total working volume. All flasks were then incubated for 24-72 hours sampling 
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at 150 RPM, and 30 °C in an Excella E25 orbital shaker (New Brunswick Scientific, 
Enfield, CT). 
Starting at 24 hours, contents of flasks were sampled in triplicate. The entire 
contents of each flask were transferred into a beaker for immediate extraction or to 
containers for oven or freeze drying (Figure 5.1).  
DHP was used as a second substrate for fermentation and extraction after initial 
autoclave sterilization study was complete. Since aggregation of protein was a concern in 
DPP, a study to observe whether the same phenomenon occurred was designed using DHP 
as substrate (Figure 5.2).  
 
 
Figure 5.1: Study outline from starting material to drying method for DPP substrate. Dried 
material is the starting material in Figure 5.3. White boxes with blue outlines indicate a 
process or treatment, and solid blue boxes indicate a product/material. All samples are 







Penicillin 24-72 hr. None
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Figure 5.2: Study outline from starting material to drying method for DHP Substrate. Dried 
material is the starting material in Figure 5.3. White boxes with blue outlines indicate a 
process or treatment, and solid blue boxes indicate a product/material. All samples are 
completed in triplicate. 
 Alkaline Extraction and Isoelectric Precipitation.  
Extractions were carried out on 20 g of dried, fermented meal with 1:15 w/v ratio 
of meal to water. Wet samples used 30 g of meal and the fermented mash was diluted to 
the appropriate ratio. The pH of the solution was brought to 8.5 with 1 M NaOH and left 
to extract for 1 hr. while stirring (J. I. Boye et al., 2010; Cui et al., 2020; Lan et al., 2018). 
This pH was selected for its potential benefits to functional properties (Hansen, 2020; 
Petersen et al., 2020). After extraction, the solution was centrifuged at 5,000 g for 20 min 
at room temperature. The supernatant was decanted and vacuum filtered with Whatman 
no. 5 filter paper (Cui et al., 2020). Solids were dried at 80 °C for 48 hours. The filtered 
supernatant was transferred back to a 1 L beaker and the pH was reduced to 4.5 with 1 M 
HCl for 30 minutes while stirring (Cui et al., 2020; Hansen, 2020). Final extract was 
centrifuged at 10,000 g for 10 minutes and 4 °C. High speed was used because of a 
difficulty pelleting, likely due to cooking and fermentation. Supernatant was decanted and 
dried at 80 °C for 48 hr. Pellet was transferred to a petri dish and the pH was adjusted to 7 
before freeze drying (Figure 5.3). 
DryingFermentationSterilizationSubstrate
DHP Autoclave 120 hr Freeze
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Figure 5.3: Process flow for extraction of proteins from fermented dehulled peas. White 
boxes with blue outlines indicate a process or treatment, solid blue boxes indicate a 
product, and blue boxes with dark outlines indicate a sample that was analyzed for protein. 
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 Analytical Procedures 
 Moisture 
Moisture content of each dried sample was determined using the American 
Association for Cereal Chemistry (AACC) method 44.20.01. Briefly, at least 1 g of dry 
sample was placed in an oven at 80 °C for 24 hours (AACC, 2010a). Mass before and 
immediately after drying was used to calculate percent moisture. 
 Crude Protein 
Crude protein was measured via LECO model FP528 (St. Joseph, MI, USA). 
Briefly, nitrogen content was determined in a 0.2500 ± 0.0010 g via combustion. Crude 
protein was calculated using the nitrogen content and a 6.25 conversion factor. Moisture 
was then measured and used to calculate crude protein per dry basis. 
 SDS-PAGE Gel Electrophoresis 
Protein size was estimated with SDS-PAGE gel electrophoresis. Samples were 
prepared my mixing 10 mg of PPI sample in 750 µL of a solution containing a 1:1 ratio of 
Laemmeli buffer, 1x running buffer, and 5% β-mercaptoethanol. 1x running buffer was 
prepared from the 10x tris/glycine/SDS buffer in distilled water. Samples were vortexed 
until protein was dissolved into solution (~5 min). The contents were then heated at 95 °C 
for 10 minutes and then cooled. Samples were centrifuged at 13,000 x g for 10 min in a 
Fisher Accuspin Micro 17 (Osterode am Harz Germany). In a 12% precast gel, 12 µL of 
each sample was loaded per lane and a molecular ladder was loaded at 10 µl. The gel was 
run for 45 minutes at 175 volts. After electrophoresis, the gel was removed from the plates 
and soaked in a fixative solution containing 25% isopropanol and glacial acetic acid in 
distilled water for 15 minutes. After rinsing the fixative off the gel, PAGE-Blue staining 
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solution containing 40% Methanol, 10% acetic acid, and 0.3% Coomassie blue R-250 in 
distilled water, was added and the gel was allowed to stain for 1 hour. After removing 
staining solution, the gel was soaked in de-staining solution containing 40% Methanol, 
10% acetic Acid, in distilled water overnight to remove non-specific staining. Final gel was 
transferred to plastic storage bag for imaging. 
 Statistical Analysis 
All analysis was completed with RStudio 1.3.1056 (Boston, MA, USA). For each 
data set, Shapiro-Wilks normality test was used to confirm normality. Subsequently, the 
package “agricolae” was used for Tukey HSD analysis. 
 Results/Discussion 
 Autoclave Sterilization 
 Protein and Extraction Yield 
Extraction yield for autoclave treated fermented meal can be seen in Figure 5.4A. 
In the unprocessed meal, we collected 38% of the initial mass in the PPI fraction. This is a 
good indication that protein is being isolated during extraction. This is followed by 33% of 
the mass in the insoluble fraction, and 24% of the mass in the soluble fraction. Since DPP 
starts with about 52% protein by dry basis, the available protein is not being recovered in 
the PPI fraction. After autoclaving, we see a dismal 0.5 to 9% of the mass was collected in 
the PPI fraction with the control being the lowest, and An fermentation treatment the 
highest. Looking at the protein yield data (Figure 5.4B) follows a similar trend. In the 
unprocessed fraction we are recovering most of the available protein in the PPI fraction 
(65%). However, the highest protein yield is around 13% with An, and lowest with our 
controls at less than 1%. Our previous studies indicate that An, and Ap solubilize protein 
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well during fermentation of DPP (Massmann et al., In Review-b). We see that most of the 
protein in the controls end up in the insoluble fraction. However, fermentation with An and 
Ap significantly reduce the amount of protein in the insoluble fraction. Most of this protein 
is shifted to the soluble fraction. The same studies, show that Tr is not as good at 
solubilizing protein, and thus we see here that it does not shift as much insoluble protein to 
the soluble fraction (Massmann et al., In Review-b). 
 
Figure 5.4: Yield data for autoclaved, fermented extraction process. Four fractions are 
represented, insoluble fraction (In) from the extraction step, soluble fraction (Sol) from the 
precipitation step, the final protein isolate (PPI), and any loss experienced based on the 
initial mass (Figure 5.3). All values are represented as a percentage of the starting material. 
A. shows the distribution of the mass in each fraction. B. shows the distribution of the 
initial protein in each of the fractions. Tukey HSD analysis is represented by letters on each 
bar. Letters cannot be compared between fractions but do apply across all organisms. Up 
was omitted from statistical analysis as an outlier. 
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When considering the effect of drying type on extraction yield, very marginal 
differences in protein are present between the three drying types for each organism. This 
indicates that the drying method does not have a significant impact on the extraction yield. 
Protein yield, on the other hand, seems to be affected significantly only for Ap. We see this 
effect most noticeably in the soluble fraction, with the largest protein yield in the freeze-
dried soluble fraction. An, Ct, and Tr have very small differences between drying methods. 
Despite this, overall, the drying method played a small role in protein yield but should be 
considered for future work. 
With extraction yields being so low, we are recovering only a very small amount 
of mass, and consequently protein in the PPI fraction. The decrease in mass recovery in the 
PPI fraction was a surprise, as our hypothesis was that fermentation would improve mass 
yield. However, because of the high fiber content, the autoclave process is likely causing 
the formation of fiber-protein aggregates, and this shift is not an indication that 
fermentation failed. Heating has been shown to cause denaturation of protein which then 
form aggregates with surrounding carbohydrates. The Maillard reaction, non-enzymatic 
browning may also be responsible for altering protein structure (Lee & Rha, 1978). In a 
controlled setting this reaction is known to alter protein functionality (De Oliveira, 
Coimbra, De Oliveira, Zuñiga, & Rojas, 2016; Zha, Dong, Rao, & Chen, 2019). The shifts 
in recovery from insoluble to soluble fractions in the organism treatments supports this 
theory. As the organisms are digesting the media matrix, the protein aggregates are being 
broken down, thus solubilizing more protein in the extraction. However, this does not 
explain why we are not able to recover these soluble proteins. Soybeans, much more 
extensively studied than peas, have shown protein aggregates post heat treatment have 
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decreased sedimentation compared to non-heat treated samples (Lee & Rha, 1978). This 
may also occur in peas. Observations during extractions corroborate this theory. In control 
samples, very little protein was collected after centrifugation despite the proteins physically 
appearing to precipitate. However, in fermented samples, after the fungal metabolism had 
time to break down aggregates, more protein was collected during centrifugation. 
This phenomenon may also be due to the autoclave treatment. During the cooking 
process, the proteins are not only forming aggregates but changing in regard to structure 
and functionality as well (Nicolai & Durand, 2013). With these changes in structure and 
functionality, the solubility is shifted, thus making our proteins unrecoverable. Another 
explanation for this unrecoverable protein may be that by 72 hours of fermentation, the 
organisms are chopping up the protein in to fragments too small to recover. A solution to 
this would be to decrease the fermentation time, which is both practically and economically 
favorable.  
 Crude Protein Content 
Although the yield data is significantly lower than we expected, we also use protein 
content as a metric for the effectiveness of fungal fermentation for DPP (Figure 5.5). The 
unprocessed sample, or raw, has a protein content of 90% in the PPI fraction, increasing 
40% from the starting material. However, control and fungal treatments, result in a 
maximum protein content of about 70%. In the control, the protein content of the insoluble 
fraction is almost equal to or greater than that in the PPI. Organism treatments did not 
improve on the control. Rather, the PPI has a lower concentration than in the control.  
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Figure 5.5: Protein content in each of four fractions. These fractions are the starting 
material (Sm), insoluble fraction from the extraction step (In), soluble fraction from the 
precipitation step (Sol), and the final protein isolate (PPI) (Figure 5.3). Wet fractions do 
not have a Sm fraction as all material was extracted. Starting material is likely similar to 
that of the oven/freeze dried samples for the same organism. The unprocessed sample is 
repeated for each organism for the sake of comparison. Tukey HSD analysis is represented 
by letters on each bar. All fractions can be compared across drying methods for each 
organism, but not between organisms. 
However, with the organism treatments, we do see a shift from protein content in 
the insoluble fraction to the soluble fraction, especially for Ap. There is a limited body of 
work studying fermentation in air-classified pea proteins. Similar solubilizing effects post 
fermentation have been reported in other crops like sorghum (Chavan et al., 1988). 
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Cooking also seems to decrease solubility as reported by Baik and colleagues (Baik & Han, 
2012). In that same paper, Baik also reports a decreased solubility after fermentation. 
However, fermentation of cooked peas was only carried out for 24 hours which seems to 
align with our findings. Tr seems to be the least favorable of the fungal treatments. This is 
no surprise since we know that Tr solubilizes much less protein thus, we are seeing most 
of the protein ending up in the insoluble fraction. These results seem to echo what we saw 
with the yield data. 
When drying methods are compared, the wet samples have the highest protein 
content across the board. Freeze dried and oven dried samples are second or third 
depending on the treatment. Since the autoclave step contributes to aggregation, we may 
also have heat treatment contributing to the outcome during drying. As both freezing and 
heating are reported to have effects on functionality and structure of proteins and their 
aggregates (Lee & Rha, 1978). 
 Penicillin Treatment 
 Protein and Extraction Yield 
To solve the problems that we are seeing with autoclave treatment, we used an 
alternative antimicrobial treatment, and lower fermentation times. The extraction yield of 
meal fermented for 24-72 hours after penicillin treatment is shown in Figure 5.6A. We 
chose to use only Ap since we observed the most promising data in terms of yield and 
protein content with this treatment. The removal of the autoclave step had markedly 
improved extraction yield data compared to autoclaved samples. The mass recovery in the 
PPI fraction ranges from 20 to 27%. This is still less than the 37 percent mass recovery in 
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the PPI fraction from the unprocessed meal, however it is at least double what was achieved 
in the autoclaved samples.  
 
Figure 5.6: Yield data for penicillin treated, fermented, wet extraction process. Four 
fractions are represented, insoluble fraction (In) from the extraction step, soluble fraction 
(Sol) from the precipitation step, the final protein isolate (PPI), and any loss experienced 
based on the initial mass (Figure 5.3). All values are represented as a percentage of the 
starting material. A. shows the distribution of the mass in each fraction. B. shows the 
distribution of the initial protein in each of the fractions. Tukey HSD analysis is represented 
by letters on each bar. Letters cannot be compared between fractions but do apply across 
all organisms. 
There is also an increased mass in the soluble fraction when compared to the 
control. Looking at protein recovery data, similar results were observed. Protein content 
ranges from 35 to 46% in our treated samples compared to a 65% in the unprocessed 
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samples. For all samples, we see a significant increase in insoluble protein when compared 
to our unprocessed meal. This increase in insoluble proteins may be attributed to extended 
heating during fermentation causing mild aggregation of fiber and protein.  
When considering the effect of fermentation time, we observe no significant change 
in recovery in the PPI for our control samples (Figure 5.6B). We do, however, see a 
decrease in Ap over time. Since our insoluble fraction is remaining constant over 72 hours 
of fermentation, we can assume that the protein is stable. This is supported by the 
significant increase in our soluble protein content.  
One factor to note with this analysis though, is that our control samples were not 
microbe free. With a working pH of 3, the penicillin degrades quite quickly and not all 
bacterial were eliminated. We suggest using a much higher pH of 6, to allow penicillin to 
persist long enough to have a significant effect on bacterial organisms. When compared to 
test flasks without and antimicrobial, the contents of these flasks were visually less 
contaminated over time, but all bacteria were not killed in the short window that the 
penicillin was active. In addition, fungal organisms were present in both the control and A. 
pullulan samples. Since penicillin is not active against fungal organisms, a method may 
need to be developed to control fungal contamination. Reported microbiological 
characteristics for the raw DPP include 54,000 cfu/g of non-pathogenic bacteria, and 10 
cfu/g of mold species (Brock, 2019). With such a high microbial load initially more 
exploration is necessary to fully understand how to control contaminants. However, with 
an absence of pathogenic organisms, the products may be safe for consumption even with 
the contamination. The contaminating organisms may need to be identified to confirm this. 
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When considering this yield data as a whole, there is still a significant increase in 
protein lost in the soluble fraction for organism treatments when compared to the 
unprocessed samples. Although this solubilization may improve the protein value, it is 
necessary to recover this protein to capture the benefit. Alternative methods of protein 
collection may improve this protein recovery. A common solution for this problem is to 
use ultrafiltration (J. I. Boye et al., 2010; Lam et al., 2018; Mondor, Tuyishime, & Drolet, 
2012). This method would allow recovery of smaller hydrolyzed proteins and also 
increases the albumin recovery (Lam et al., 2018; Mondor et al., 2012). 
 Crude Protein Content 
The protein content of the samples without autoclave treatment, is much improved 
(Figure 5.7). The protein content in our fermented and control samples range from 87 to 
94%, compared to the unprocessed samples at 88% protein. It is clear with this result, that 
autoclave treatment was negatively impacting protein content after extraction. This data 
also shows the true effect of fermentation on where protein is collected during extraction. 
In control samples, we see a significant shift in protein content from the insoluble to soluble 
fraction over time. This may be an indication of natural protein shearing with agitation and 
heating, or due to the metabolic effects of contaminating organisms. Ap fermented samples 
appear to have the same shift in protein from the insoluble to soluble fractions. However, 
this shift is more significant than in the control samples. With a consistent level of 
contamination present in the flasks, we can assume that this significant increase in the Ap 
samples is attributed to the Ap fermentation. 
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Figure 5.7: Protein content in each of four fractions. These fractions are the starting 
material (Sm), insoluble fraction from the extraction step (In), soluble fraction from the 
precipitation step (Sol), and the final protein isolate (PPI) (Figure 5.3). All samples are 
wet extractions, and do not have a Sm fraction since all material was extracted. The 
unprocessed sample is repeated for each organism for the sake of comparison. Tukey HSD 
analysis is represented by letters on each bar. All fractions can be compared across drying 
methods for each organism, but not between organisms. 
 Extraction with DHP 
Considering the challenges autoclave sterilization created for DPP, DHP was 
processed for evaluation as well. The resulting data can be seen in Figure 5.8A. The 
extraction yield in the PPI fraction of the raw meal, is about 15%. At the same extraction 
pH, other researchers observe roughly 13-16% extraction yield (Gao et al., 2020; Stone et 
al., 2015). These studies used a range of pH from 8.5 to 9.5 and indicate that our extraction 
method is comparable to other methods used. The extraction yield in the Ap fermented 
DHP was only about 4%. This fermented meal has a very large loss fraction (about 20%) 
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which we can attribute to strong carbohydrate consumption, namely that of starch as we 
saw in our previous study and is reported in literature (Baik & Han, 2012; Massmann, 
Berhow, Gibbons, & Karki, In Review-a). We also see an increase in soluble mass and 
decrease in insoluble mass when compared to the raw extraction. Since DHP has less fiber 
than DPP, we may be seeing less of a problem with protein-fiber aggregation after 
autoclaving. Alternatively, this could be an artifact of fungal metabolism; with the longer 
fermentation time of 120 hours, we may be solubilizing not only protein, but other naturally 
insoluble components as well.  
The A. pullulans fermented samples after autoclave treatment, have more than 
double the amount of protein in the insoluble fraction than the unprocessed sample (Figure 
5.8B). This is an indication that although, we are seeing a decrease in insoluble mass with 
fermentation, protein does not follow the same trend. Along with a significant increase in 
insoluble protein, we are also seeing significant increases in the soluble fraction and 
decrease in PPI fraction protein yields after fermentation. With the unprocessed sample 
containing about 49% protein, we see only about a fifth of that recovered in the fermented 
samples. Literature review yielded common protein yields for pea protein extraction to 
range from 49 to 77% with higher yields coming from higher pH extractions (Gao et al., 
2020; Hansen, 2020; Stone et al., 2015). In our data, there are presumably two forces acting 
here. The increased insoluble fraction is likely due to protein aggregation. However, the 
increased soluble fraction is an indication that the organism is doing what we expected, 
hydrolyzing cellular components. These two forces seem to be working against each other, 
but the organism is not able to overcome the aggregation effect of autoclave treatment. 
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Figure 5.8: Protein yield, extraction yield, and protein content of 120 hr. fermented 
dehulled peas. Fractions represented include starting material (Sm), insoluble fraction from 
the extraction step (In), soluble fraction from the precipitation step (Sol), the final protein 
isolate (PPI), and any loss that may have occurred through processing (Figure 5.3). Tukey 
HSD analysis was completed for all graphs and is represented as letters on each bar. A. 
Extraction yield. B. Protein yield for A and B, a single legend is present for both, and letters 
can be compared across organisms but not between fractions for each respective figure. C. 
Protein content of 4 fractions from extraction. All letters can be compared. 
In terms of protein content, a trend very similar to what we saw in autoclaved DPP 
samples (Figure 5.8C). The unprocessed sample has about 90 percent protein content in 
the PPI fraction but after autoclaving and fermentation, we see a significant decrease in 
protein content. Literature is reporting 83 to 87% protein content in final PPI fractions (Gao 
et al., 2020; Hansen, 2020; Stone et al., 2015). Most of the protein lost from the PPI fraction 
seems to be migrating to insoluble fractions. Surprisingly, we see no significant differences 
in soluble protein content between unprocessed and fermented samples here. We also see 
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that our starting protein content is higher in the Ap fermented samples. This increase is 
likely linked to the significant loss of carbohydrates we saw in the extraction yield and is 
supported with our previous research as well (Massmann et al., In Review-a). Although 
there are few studies on fermented yellow peas/pea proteins there are a handful of 
promising articles. One such article used lactic acid bacteria to ferment green pea flours. 
With a starting protein content of 25.6% and a post fermentation concentration of 23.6%, 
lactic acid bacteria does not have the capacity to concentrate protein.  In contrast, our 
studies show that fungal fermentation has the capacity to significantly increase protein 
concentration (Byanju et al., 2021). 
 Protein Size 
Protein size was visualized with an SDS-PAGE gel (Figure 5.9). Firstly, we see 
similar protein banding for all samples except for the last lane. This banding is consistent 
with reported patterns in pea protein (Gao et al., 2020; García Arteaga, Apéstegui Guardia, 
Muranyi, Eisner, & Schweiggert-Weisz, 2020; Hansen, 2020; Ma, Boye, & Hu, 2018). 
Visually, we see a decrease in the band between 40 and 50 kDa from 24-72 hours of 
fermentation of DPP (Yellow box). These proteins are the larger subunits of vicilin 
proteins. The decrease here may be attributed to protein hydrolysis during fermentation. 
This decrease may explain the decreases in protein yield at longer fermentation times.  
At 120 hours of fermentation, the protein banding is completely disrupted with the 
only band being located below 10 kDa. The absence of bands here, indicates that a 
fermentation of this length completely digests proteins, such that we are left with very 
small fragments. Again, this data supports protein hydrolysis as the reason for reduced 
protein yields at longer times. 
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Figure 5.9: SDS-PAGE gel with various samples of commercial protein concentrates 
(DPP), and commercial pea protein isolates (PPI) and various extracted samples of 
fermented meal. Lane 1 is a molecular ladder, lane 2 and 3 are commercial samples of pea 
proteins, lanes 4-6 are extracted proteins from fermented DPP treated with penicillin, lane 
5 is extracted proteins from 120 hour uninoculated control DHP, and lane 6 is extracted 
proteins from Ap fermented DHP. DHP samples were included for comparison of samples 




Autoclave sterilization is not an appropriate antimicrobial method for protein 
extraction due to aggregate formation causing reduced protein yield, extraction yield, and 
protein content in final PPI. Using antimicrobials such as penicillin during fermentation 
before extraction is a viable option however, processing parameters need optimization for 
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ideal use. Due to low pH causing rapid penicillin degradation, bacterial contamination is 
still present. To remedy this challenge, we recommend using a pH of 6 or higher for 
processing to avoid penicillin degradation. In addition, fungal contaminants are present 
since penicillin is only active against bacterial organisms. Methods to control this 
contamination are necessary.  
Despite contamination, protein content is improved with fungal fermentation using 
protein solubilizing fungi. With a significant solubilizing effect observed, protein and 
extraction yield are decreased with fermentation however solubility is increased. If 
alternative methods such as ultrafiltration are used instead of isoelectric precipitation, these 
parameters may be improved. 
Protein size is affected by fermentation time. 120 hours of fermentation drastically 
reduces all protein bands to a molecular weight less than 10 kDa. Over 72 hours of 
fermentation, vicilin is the most noticeably decreased protein fraction upon visual 
inspection. Further analysis may be necessary to quantify changes in protein size in 
fermented meal and final extracted protein. 
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CHAPTER 6. CONCLUDING REMARKS AND FUTURE WORK 
Peas, with their high content of well-balanced protein and other phytochemicals are 
compatible with a wide range of diets (Higdon & Drake, 2007; Ho et al., 2014; Jiang et al., 
2010; Oelke, 1991). However due to high content of starch and fiber, processing and 
application to consumer markets is a challenge (J. I. Boye & Ma, 2015; Igbasan et al., 1997; 
Tulbek et al., 2017). Despite these challenges, peas are garnering popularity and have 
begun to replace other plant-based options in human food markets (GrandView, 2019).  
Peas are commonly extracted for their application to food. The most common 
methods are alkaline extraction with isoelectric precipitation and air classification. 
However, these methods only concentrate protein to 50% and 80% respectively (J. I. Boye 
et al., 2010; Pelgrom et al., 2013; Wright et al., 1984; Wu & Nichols, 2005). In order to 
increase these extraction yields, this study was designed to address the challenges with 
fungal fermentation and a study of antimicrobial method and post fermentation drying 
techniques. 
Because of endogenous fungal metabolism, fungal fermentation works to break 
down fiber, starch, and other carbohydrates, as well as protein and other media 
components. (Bansal et al., 2012; Błaszczyk et al., 2014; Chi et al., 2007; De Barros Ranke 
et al., 2020; De Vries & Visser, 2001; Hesham A El-Enshasy, 2007; Leite et al., 2007; 
Macris et al., 1989; Miettinen-Oinonen & Suominen, 2002; Mishra et al., 1984; Misra & 
Fridovich, 1972; Ohta et al., 2010; Romero et al., 1999; Znameroski et al., 2012). With a 
host of enzymes, these microbes can increase the concentration and solubility of proteins 
while degrading other less desirable components. This type of processing allows a readily 
available method for increasing value at large scale operations. However with added 
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processing there is also added cost (Ravichandran & Vimala). With the proper 
optimization, fungal fermentation can add value to crops and industrial by-products with 
minimal added cost.  
Fermentation can improve the composition of DPP. A. niger and A. pullulans 
significantly increase protein solubility, saponins, and TPC. A. niger, T. reesei, N. crassa, 
and R. oligosporus  concentrate protein in the solids fraction. All organisms degrade dietary 
fiber as well. Since DPP has such a high fiber content, these results indicate that fungal 
fermentation may reduce fiber contaminants in DPP. In addition, due to their antioxidant 
activity and potential health benefits such as anti-tumor, and prevention of heart disease, 
an increase in phenolics and saponins may provide health benefits. 
Fungal fermentation of DHP also has the potential to create altered composition of 
the substrate. Starch, one of the main processing concerns, was reduced by fermentation 
with A. niger, A. oryzae, R. oligosporus, and T. reesei. In parallel with the starch content, 
the protein concentration of protein after fermentation with these four organisms also 
significantly increased. In addition, there were significantly higher saponin concentrations 
after fermentation with A. niger, A. oryzae, N. crassa, R. oligosporus, and T. reesei. 
Phenolic contents increase significantly for all organisms. However, the largest increases 
were seen with A. niger, and N. crassa. Phenolics and saponins, although they may impart 
bitter flavors, also have potential health benefits such as reduced risk of heart disease and 
cancer which may add value to DHP. Further investigation is necessary to ascertain the 
flavor and antioxidant activity of fermented DHP. Because of specific alterations to starch, 
protein and antioxidant activity, fermentation may improve processing feasibility in DHP. 
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Extraction of both DPP and DHP indicate that chemical antimicrobials are superior 
methods to autoclave sterilization. Because of high heat and pressure, autoclaving caused 
protein aggregation and significantly reduced the protein yield, extraction yield and protein 
content of the final protein isolates. Penicillin, as an antimicrobial, has limitations at low 
pH and high temperature. This chemical also does not reduce fungal load. To feasibly rely 
on penicillin, further optimization is necessary to control bacterial contamination. Other 
methods also may need to be employed to control unwanted fungal growth. Drying 
methods largely do not have a significant impact on protein extraction, thus the method 
that fits best with processing timelines and techniques may be used. 
Protein recovered in the soluble fraction of extraction was significantly increased. 
However, fermentation also caused a reduced protein yield as the proteins became 
unrecoverable with isoelectric precipitation. This suggests methods such as ultrafiltration 
may need to be employed to increase protein yields. If these soluble proteins can be 
recovered, they may have altered functional properties and expanded applications in food. 
SDS-PAGE gels showed that fermentation times of 120 hours, completely digest proteins 
in DHP. Long term fermentation times should be avoided to reduce protein loss. Shorter 
fermentation times will provide the benefit of protein solubilization while minimizing 
protein loss. 
Overall, the data demonstrates that the composition of DHP and DPP can be 
improved with fungal fermentation. These compositional changes include increases in 
protein solubility and content as well as increases to antioxidant compounds and decreases 
in fiber and starch. In addition, fermentation has the potential to produce a more soluble 
protein isolate if solubilized proteins can be recovered.  
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From the results of this study, we have a few suggestions for the direction of future 
investigation on peas and pea proteins: 
1. Characterize the saponins present before and after fermentation. How does 
fermentation and/or autoclave affect the saponin profile? 
2. Optimize extraction of pea proteins using statistical methods. Parameters for 
study may include temperature, extraction pH, fermentation pH, agitation rate, 
extraction solid loading rate etc. 
3. Employ alternative precipitation/collection methods such as ultrafiltration for 
extraction protocols to capture more soluble protein, rather than isoelectric 
precipitation.  
4. Study the characteristics of isolated proteins and how they change with 
fermentation treatment and extraction method. 
5. Understand the structural changes in peas and their components post 
autoclaving and fermentation. Include a characterization of the protein 
aggregation at molecular level after autoclave treatment. 
6. Measure changes in antioxidant activity before and after fermentation.
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